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FOREWORD

This report was prepared by the Metals Research Group, Commercial Airplane Division,
The Boeing Company; Renton, Washington, under USAF Contract AF33(615)-3697. The
contract was initiated under Project No. 7351, "Metallic Materials," Task No. 735105,
"High Strength Metallic Materials." The program was administered by the Air Force
Materials Laboratory, Air Force Systems Command, United States Air Force, with Dr.
T. M. F. Ronald, MAMP, as Project Engineer. This report covers the period May 1, 1967,
through March 30, 1968. The manuscript was released by the authors in April 1968 for
publication as a technical report, *1

The authors acknowledge the assistance of the Materials Technology Laboratories in
conducting this program. G. R. Harmon and D. D. Nakkula provided general laboratory
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metallography, and D. D. Early conducted the transmission electron microscopy study.
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ABSTRACT

The objective of this program was to develop a stress-corrosion-resistant, high-strength
aluminum alloy through addition of minor elements and variations in heat treatment. On th(
basis of Phase I results, five step-aged special-chemistry alloys were selected for study in Phase
II, along with commercial 7075-T651 plate material. The Phase I1 alloys consisted of a base
alloy (6.4% Zn, 2.55% Mg, 1.0% Cu) with the following additions: silver; silver + zirconium
(no chromium); silver + higher copper content; and silver + higher zinc and magnesium
content. The materials evaluation consisted of metallographic, aging, and quench-sensitivity
studies: stress-corrosion testing; and determination of mechanical, fracture, and fatigue pro-
perties. The resulting data were compared with data from evaluation of I I other commercial
and experimental aluminum alloys including 7079-T611, 7075-T73, AZ74.61, 7178-T765 I,
and X7080-T7. All of the five step-aged special-chemistry alloys met the goals of the pro-
gram in that they had longitudinal 0.2-percent yield strengths above 70 Ksi and stress-
corrosion resistance superior to that of alloys 7079-T6 and 7075-T6. The use of silver in a
production alloy does not appear warranted. Silver did not increase stress-corrosion resis-
tance in the overaged condition. Strength properties were slightly increased by silver (0.25
inch thick), but quench sensitivity also increased, which would negate this slight strength
advantage for thicker sections. The allowable chemistry range for the alloy that best meets
the goals of this program should be: 5.9-6.9% Zn, 2.2-2.9% Mg, 0.7-1.5% Cu, 0.10-0.25% Zr,
0.05-0.15% Mn, 0.05% max Cr, 0.10% max Ti,0. 20% max Fe, 0. 20% max Si. The ease with
which the Phase 11 alloys were cast and fabricated indicates that the recommended alloy is
commercially feasible. Additional testing is recommended to complete the development of
this alloy.

This abstract is subject to special export controls and each transmittal to foreign gov-
ernments or foreign nationals may be made only with prior approval of the Air Force
Materials Laboratory, MAMP, Wright-Patterson Air Force Base, Ohio 45433.
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E Young's modulus (psi)
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K stress intensity factor (ksi,,'in.)
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LCA~a/Ann fatigue-crack growth rate (ju-in..f cycle)

A /inicion. 10-6 meter
a %gross area stress at fricture (psi)
Onet net stress at fracture (psi)

Oty tensile yield strength (psi)
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SECTION I

INTRODUCTI ON

The objective of this program was to develop a commercially feasible high-strength
aluminum alloy with a minimum yield strength of 70,000 pounds per square inch (psi) and
a stress corrosion resistance substantially greater than those of 7075-T6 or 7079-T6 alumi-
num alloys. This alloy was to have a short-transverse stress-corrosion threshold stress of at
least 25.000 psi, and fatigue and fracture toughness properties comparable to those of cur-
rent high-strength commercial alloys.

The program was conducted from an engineering approach by defining material property
goals. The 24-month period of work was divided into Phase I. which was the subject of a
previous technical report (I ), and Phase 11, the results of which are summarized in this report.

Phase I was a study of the effects of several minor alloying additions on the mechanical
properties and stress-corrosion resistance of a 7075 base alloy. The minor additions evaluated
were silver, boron, cerium, yttrium, and zirconium (I ). Results of these tests showed that
only silver improved the stress-corrosion resistance of alloys in the T6 temper, but in this
heat-treat condition thz resistance was inadequate to meet the goals of the contract. Over-
aging treatments increased the stress-corrosion resistance to adequate levels for all alloys
tested and the silver-bearing alloys maintained higher strengths.

Results with the more highly alloyed silver-bearing alloys in Phase I showed that, to
meet the strength goals, the overaging must be limited to approximately 10 hr at 3201F after
a T6 type treatment this was especially true for the low-copper-content alloys because of
their lower inherent strengths. The low-copper-content alloys resisted cracking and pitting
better than the othei Phase I alloys.

On the basis of tile Phase I results, five experimental alloys--a base alloy and four
variations-were selected for study in Phase II. Commercial 7075-T651 pklte material was
also tested. Il he alloy designations and major chemistry variations are listed below:

\Alloy 16 Base alloy
Alloy 17 -Base alloy + silver
Alloy 18--Base alloy + silver + zirconium, no chromium
Alloy 19- Base alloy + silver + higher copper coitent
Alloy 20-Base alloy + silver + higher zinc and magnesium contents
7075-T65 1-1 --Commercial 7075-T651 plate

Chromium was omitted in alloy 18 to reduce the alloy's quench sensitivity (2). Higher zinc
and magnesium contents were specified in alloy 20 to simulate a high-strength version of the
base alloy. This was required to establish lower bounds for stress-corrosion resistance and

f- fracture toughness.



Concurrent with Phase 11 testing. several other high-strength commercial and experi-
mental aluminum alloys were evaluated by the Materials Technology Laboratories. Since these
alloys provided significant comparisons, the results of the test program are included in
this report. (These alloys are referred to as "comparison alloys.") Eleven lots of ma-
terial, designated as follows, were evaluated:

7075-T651-2 7079-T611 -.G
7075-T73 7079-T6-G
AZ74.61 7575 i I
AZ74.61-A 7578
X7080-T7 7178-T765 1 I

7079-T61 I-A

These alloys include nearly all the high-strength 7000-series a~loys that are commercially
available in the United States, including the new chromium-free X7080-T7 alloy Also
included are a commercial silver-bearing alloy (AZ74.61), experimental silver-bearing
alloys (7575 and 7578), and experimental heat treatments for 7079 (7079-T61 I -G and7079-T6-G).

2!
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I
SECTION II

ALLOY PROPERTIES

The five experimental Phase 11 alloys were cast and fabricated into 0.250-in.-thick
plate by Kaiser Aluminum and Chemical Corporation. Details of the casting and fabrication
procedures are given in Appendix I. The casting and fabrication of these alloys presented
no problems, and edge cracking of the ingots and plates during fabrication was insignificant. j
The comparison alloys were not all available in the form of plate. When plate was not avail-
able, forged or extruded material was used. The fabrication and heat-treatment procedures
varied considerably among the comparison alloys and were generally different from those used
to produce the Phase 11 alloys. The forms and procedures. as far as they are known, are
given in Table I.

Processing history can have a significant bearing on properties and stress-corrosion
performance, and must be considered when comparing the various alloys.

1. CHEMICAL COMPOSITIONS

Wet chemical analyses of the alloys are shown in Table 1H. The relative contents of'

the primary alloying elements (zinc, magnesium, and copper) for each alloy are shown in
Fig. I along with composition limits for several commercial alloys.

The comparison alloy 7575 is an experimental silver-bearing, low-copper version ofI
7075: it contains more silver than any of the Phase II alloys. The comparison alloy 7578
is an experimental silver-bearing, low-copper version of 71 78, similar to Phase I1 alloy 20
except for a higher silver content. All other comparison alloys are commercially available.

2. MICROSTRUCTURES

a. Optical Microscopy of Phase I1 Alloys

Three-dimensional composite photomicrographs (Figs. 2 through 7) were prepared for each
Phase II alloy. All the alloys contain a subgrain structure, not clearly visible in the
photographs. The only obvious differences between alloys are:

(I ) A larger grain size in 7075-T65 I -I.

(2) A noticeably cleaner imntrix in the chromium-free, zirconium-bearing alloy IS. This is
due to the absence of the small chromium-rich intermetallics that are responsible for
the hazy background precipitate in the unctched composites of the other alloys.

(3p A higher density of sniall intermetailic particles in alloy !9. Thi Imay lie due to the
higher copper content of this alloy.

(4) A contrist in ctching response between alloys 10 through 20 and 7075-105 1-I1. Owing to
the fact that the latter was not overaged. A heavy etching rcsponse is characteristic of
tile overaged alloys

3
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Table L Summary of Heat-Treatment Information

Alloy Hardness Conductivity
product form Heat treatment (RB) (%7 of IACS)
thickness (in.)* _

Alloy 16 35 min at 860F, 60*F WQ, 48 hr at RT + 87.5 36.5
Laboratory-produced plate 24 hr at 250*F + 10 hr at 320F
0.25

Alloy 17 35 min at 8600F, 60*F WQ, 48 hr at RT + 87.8 36.2
Laboratory-produced plate 24 hr at 250"F + 10 hr at 320"F
0.25
Alloy 18 35 min at 860"F, 60OF WQ, 48 hr at RT + 89.5 34.8
Laboratory-produced plate 24 hr at 250OF + 10 hr at 320"F
0.25

Alloy 19 35 min at 860"F, 60°F WQ, 48 hr at RT + 89.8 35.0
Laboratory-produced plate 24 hr at 250 0 F + 10 hr at 320"F
0,25 j
Alloy 20 35 min at 860*F, 600*F WQ, 48 hr at RT + 89.0 35.0
Laboratory-produced plate 24 hr at 250"F + 10 hr at 320OF0.25

7075-T651-1 Commercial T6--870*F, WQ, 24-28 hr at 250fF 94.1 31.5
Commercial plate
0.25

7075-T651-2 Commercial T6-870*F,WQ, 24-28 hr at 250fF 94.0 31.6
Commercial plate
0.25
AZ74.61 30 min at 870"F, 85*F WQ, 18 hr at 250 0 F + 88.5 38.7
Die forging 7 hr at 320"F
0.5-1.0
AZ74.61.A 30 min at 870*F, 95OF WQ, I I hr at 320°F 88.5 36.8
Die forging
0.5.1.0
7075-T73 T6 + 24-30 hr at 325°F for plate 86.6 38.8
Die forging T6 + 8-10 hr at 3500 F for forgings•-0.5

X7080-T7 Unknown, but boiling-water quenched 84.1 37.4
Die forging
8.0 I)ia

070--T61 I-A Commercial T611 --830*F,WQ, 5 days at RI + 88.5 31.1 *
Forging 48 hr at 230-25(fF
Unknown

7079-T61 I-G Unknown 81.2 35.4
Forging
Unknown

,O,9-T- Unknown 90.2 31.8Forging

Unknown

-r7up75** n Commercial 7075-T6 treatment + 8 hr at 320*F 88.6 37.6
Extruded panel

0.5
75-78* Commercial 7 178-T6 treatment + 8 hr at 340F 86.5 39.1
Extruded bar
0.,;

I 78-T7651 Commercial T6 + 12-.5 hr at 320'F 89.0 38.7
Commercial plate [

*Thicknesscs shown are those at time of heat treatment

* *Not commercial designations 4



Table If. Wlet Chemical Analysis a

Cast-- __T..._-_-_ - --

Alloy number Zn _g Cu Fe Si Mn Cr Ti Ag Zr

16 D2733 6.39 2.59 1.00 0.11 0.0 O .0O 0.20 0.04 0.00 0.00 1 4

17 D2734 6.34 2.55 0.( 0.10 0.01) 0. 11 0.2 o.o02 004 o0 o.00-

18 D2735 6.35 2.53 0.99 0.11 0.09 1 0.11 0.01 1 0.04 I 0.28 0.It

19 D2736 6.37 2.56 2.00 0.10 0.09 0.10 I 0.19 , 0.04 0|ZS 0.00

20 D2737 6.83 1 2.910 0.99 0.10 0.10 0.11 '.20 0. 04 0._2) 0.00

7075-T651-1 5.94 2.55 1.42 0.16 0.09 0.04 0! 0.0' 0.00 0.00

7075-T651-2 5.90 2.57 1.2.5 10.20 I0.09 ko.05 i ' O.4 0.0' 0.00

<Z74.61 5.85 2.50 092 0.15 0.09 k o 10 0.17 o 003 0.3o 0.00
AZ74.61 -A 5.60 2.14 0.81 0.16 0.09 0.07 0.010.07 0.37 000

- s.56 2.52 1.50 0.17 0.14 0.05 0 20 0.107075-T73 5.5.20 0.00 7-0.0 .0 1,F [°7 1: °° °• °"1 o o- o,,,0o
________ -S.88 -__ 100(0.13 0.08 0.38 !<0.05 kO.02 0.0 0.00
707T61 -A 3.34 0 2 09 017 014 00

7079-T611 -G 4.43 3.42 0.53 0.15 0,11 0,13 0.22 0.05 0.00 0.00

7079-T6-G 4.64 3.84 0 .1 0.10 (0.15 0. 0.05 0.00 0.00

r~7575 6.0526 1. .1 0.05 <0.05 0.20 0.05 0.3S o.00o

>86 95 1.1405' 0.08 1 0..2! '<0,05 0 41 000
'8.75`8 2.64 05 0iloi ~.
"- •,, I -ý,.4651 12.75 1.87T1018 0.13 0.06 0.21 0.04 0.00 i.°0

3Weight pe.cent.

I.I
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1). 11aI I.,II)iiis Io n I, ke:,tro n Mlic-it o I)py

iTdtllimSiotl electron nlicrographis of t he Phase 11 alloys and of comparison alloys
!7O7)-l 06- 7 57, .AZ74.6 I ,7-0754173. X7080-T7. arid 71784176 are shiown in Fig. 8. Thle 7075-

16W 1-1 and 7079-To-ti contain the small, spherical zone-type precipitates primarily. whereas

the other alosexhibit larger arid (it, somne eases) mnore plate-shaped p'recipitates of the
N'phase, reflecting th'ir more overaged condition. In the silver-bearing alloy 17. co-

liculict N strain fi'elds arc %vIsible around Somc of' 1 lie NI' pla tes. AlIloy 18 a ppea rs less
overaged t hani alIlo ys 10 1.I7. 11). a nd 2 0 huIt is fuLrthler a long in thle aging sequte nce Ithlan
70 7 -TO5 1I-I or 70 79-To-G. L ike thle pho,)tomnicrograph in F ig. 4, thle tra nsm ission elect ron
micrograph of ~lo 18 (Fig. 8C) shows no chromium-fich intermetallic particles. The other
Iow-chrowiniunialloN X70N0-T7, also contains it low density of' the smalil intermetallic pluases.
'Fie exact heait treatment given the X7080.-T7 is unknown, but froin the aippearance ef the
precipitates this alloy appears to be mnore overaged than alloy 1 8. Conductivity readings fiot
these two alloys also indicate tiat this ;s the case. Alloy 7075-173 is more overaged than the
Phase 1I hase alloy 1 6. but this is rnot apparent from the transniission electron micrographs.
The presence of silver tin the Phase 11 and comparison alloys has onily a smnall effect oln the
mnicrostrIueTre. evidenced as a more plate-shaped NW' precipitate. lPrccipitate-free zones are
present in both silver-free and silver-bearing alloys.

a. MANG

Aging studies were conducted onl th.. Phlase 11 alloys, using hardness and conductivity
measurements. FicUre 9 shows curves fam ain-g at 2500 F. The silver addition increases
liardnevs IALueS inl the To condition (2`4 hr at 250"F). (Compare alloys 16 and 1 7.) The
highier copper content inl alloy 19 and the hie icr zinc and magnesiumn contents in alloy 20
also result in highier hardness tin the 1-6 condition. (Compare alloys 19 and 20 with 17.)
A\ll Phase 11 alloys shiow higher hardness tIlan 7075 up to an aging time of approximately
I UO hir at 25u' I . Replacement of chrom,11.Iu with zirconium reduIces conduct iv ity, as do thle
higher itinc and !magI1c~iumI contents and tIt.- higher copper content. Compare alloys 18, 19.
and 20 wkith alloy 17.)

b. 3'

Ficure It) shows aging curves at 3 200 F after a To-ty .pe treatment. After a f ew hours
initial ating! at 32001F the silver-bearing alloy has a higher hardness than the silver-fr.- alloy for
,it; -,ivcn ageing~ time. Ater 10 (J r at 3200 F the diffe~rence between alloy 16 (silver-Irei.)

irdalloy I Tsilver-hcaringl is one R13 point, alter 100 lit ait 320* F the diffecrence is
hirec R If points. "I his fdlifference. t tou~gh small, increases steadily as tilie aging time

i ina~~ dieatingv t hat the effect ot silver onl strength is more pronIounced at the longer
acmeiu litle-.,. Alloys 10 i nd 1 7 have lowecr hard ness values than ant\ otlier Phase 11 alloys f-or
,i% gi\en aging time [ lie hiarI iiev, data hiowv thiat thle hiiglier-copper alloy s (19 and 7075-
I 6SI -1 ) liF,ic tlic lidicest liardu..',s he~ond 24 hir at 3200 F.



IK Op

v *.

U"' ~. 021of

(A) Aloy 16(8) Al'IN1

. IL

*1Up~'"UP
AL .. TO*%2,~a

JC. Alo 8 D lly1

FiurX 7".11 *',ro * brs(rtitIS~~l~eirp~lirtKaII



IWI

0.2 I 0,21

(G) 779-T-G (H 757

FigurN. Cotinue



0.2U P .2uA

I)AZ7461 ()77-7

~ -~ ~N:

IL

Al

(K) X7080-T7 (L) 7178-T7651

Jigurc \. (nd/,ah'u

f13



100

95

090-

LO 85
z

80

75

70
ALLOY 16
ALLOY 17----
ALLOY 18

40 ALLOY 19---------
~~40 ~ ALLOY20.....

5 38- 7075-T651-1

0 36

J_ 34-

32. 3

28* -

26

101C00,0
AGING TIME (HOURS)

Figure 9. Aging Behavior at 2S00 F after 2 flours at Room Temperature

14



100

95

85

75
ALLOY 16

70 -ALLOY 17...
ALLOY 18

ALLOY 19....
"']ALLOY 20 ............

40 7075-T651-1

3 -8

~36
U.
0
a 34 -

32

S-)P- 30 -

028
z
0 S26 •J2 • I I I III~II I I I IIIIJ I1I I I I~I I I I I I111

0.1 1 10 100 1,000

AGING TIME (HOURS)

Figure 10. Aging Behai'ior at 320"F after 2 Hours at Room Temperature + 24 Hours at 2507'

II

1.5!



iii

100
i

95

go ... .... X7080 "

85

18 =

80

.•75 _
So ~\. \,, "\

70 .

%I
({ %~'. •

S.* N ",,,7075-T651-1
65 . '

\ .. 17"• -.. .

EXPERIMENTAL SEQUENCE: ..60 * .. .*.........l
60 1. SOLUTION-TREAT AT 860°F 19

2. END-QUENCH BOTTOM 2 IN,

3. AGE 2 DAYS AT RT + 24 HR AT
55 250* F - 10 HR AT 320' F

4. CONDUCT HARDNESS SURVEY

50
-1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0

DISTANCE FROM WATERLINE

!igurc 11. Quench Sensiti vities of Phase 11 Alloys and X 7080

16



Table Ill. A ierage Mechanical and Fracture Properties a

PHASE II ALLOYS

Grain Ftu Fty Elongation RA W/A b KC GC
Alloy direction (ksl) (ksi) (% in 2 in.) (%) (in.-lbfin?) (ksl f-7.)c (in..b/in.2)d

16 L 81.0 72.8 11.0 23.5 283 81.3 e 90 .0 641 e 78 7
16 T 81.5 73.2 11.0 27.5 ---.
17 L 82.1 74.3 10.5 21.5 279 84.6 e98 .3 695 e93 8
17 T 81.6 73.1 10.5 26,5 - ..-...

18 L 84.5 78.9 10.5 24,0 207 76.4 e80 .3 567 e6 26
18 T 83.5 77.6 11.0 26.5 ---.............
19 L 87.6 79.5 10.0 18,0 173 57.5 %0.5 321 e350
19 T 85.8 76.8 10.5 23,5 ... ... ...
20 L 85.3 77.3 10.5 20,5 153 53.9 eS7.1 282 e31 7

20 T 84.0 75.4 11.0 21.5 ...

7075-1651-1 L 84.8 79.9 13.0 27,0 214 62.7 C6 6 .5 382 e42 9
7075-T651-1 T 86.4 75.7 12.0 21,5 -......... ... -

COMPARISON ALLOYS

Grain Ftu Fty Elongation RA W/A
Alloy direction (ksi) (ksi) (q in I in.) (%) (inlb/in.-)

AZ74.61 L f 73 .9  f 63.8 f 10.0 f18.0 g2889
AZ74.61.A L 72.2 65.1 9.7 21.8 -- --
7075.T73 L 71.2 63.5 10.0 14.5 --
X7080-T7 L h69 .6 1161.4 hi1 .0  125.0 i429
7079-T611.A L 75.3 64.0 13.5 31.0 --
7079.T611--G L 69.7 55.6 14.5 37.5 -.
7079.T6-G L 77.2 66.0 8.0 I1.0 ---
7575 L 80.6 71.1 11.0 29.5 9137
7578 L 76.3 65.1 12.0 32.0 g1 39
7178-17651 L 80.9 71.5 10.5 28.0 g1 17

aAverage of two specimens unless otherwise indicated.
bprecracked Charpy specimens. Phase II Alloys: 0.250 in. thick; comparison alloys: 0.394 in. thick.
cK,= rg Tra e :thickness = 0.250 in., O=(w/ha tan .a/w)'•.C dG•= KC 2/E.
eUsing crack length (2a) corrected for "slow" growth.

fAverage of 40 specimens.
gAverage of five specimens.
hAverage of six specimens.

Average of 10 specimens.

17
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The ntc:t important observation from the conductivity study at 320" F is that alloy 18
(zirconium, no chromium) has much lower conductivity than alloy 17. A lower conductivity I
for alloys 19 (higher copper) and 20 (higher zinc and magnesium) compared to alloy 17 might
be expected because of their higher alloy content, but the large difference between alloys
17 and 18 with the small addition of zirconium and the removal of chromium was not expected.
This is probably due to the fact that the chromium is present primarily in intermetallic form,
whereas zirconium is primarily in solid solution. The difference in conductivities between
alloys 17 and 18 increases at aging times beyond 20 hr.

4. QUENCH SENSITIVITIES

Quench sensitivities of the Phase II alloys were studied in a modified Jominy test. a
Bars measuring 0.25 by 0.40 by 6.0 in. were solution-treated at 860 F and end-quenched by
immersing the bottom 2 in. in 64" F water. The bars remained partly immersed until they
cooled to room temperature. Relating the hardness data from the quench-sensitivity bar for
7075-T65 1-1 to cooling-rate-versus-,trength data for 7075 (3). the cooling rate I in. above I
the waterline on the bar was estimated at I le F per second.

The bars were then aged 2 days at room temperature, followed by 24 hr at 250' F and
10 hr at 320° F. A hardness survey was then conducted along the length of the bar, giving
the results shown in Fig. I1.

The silver addition increases quench sensitivity (compare 16 and 17), as do higher
copper content (compare 17 and 19) and higher zinc and magnesium contents (compare 17 and
20). Although the 7075 alloys have lower zinc and magnesium contents than alloy 16, 7075-
T651 -1 is more quench-sensitive than alloy 16 because it has a higher copper content. I

The most important observation from this study is that the chromium-free alloy 18
(silver and zirconium) is quite insensitive to quenching rate. However, the quench sensi-
tivity of the other chromium-free alloy X7080 is even lower, again indicating that the
presence of silver increases quench sensitivity.

5. MECHANICAL PROPERTIES

Mechanical properties of the Phase II alloys were measured on 8-in. feat tensile speci-
mens with a reduced section of 2.25 by 0.5 by 0.25 in. For the comparison alloys, 3-in.
round tensile specimens with a reduced section of 1.25 in. by 0.25 in. diameter were used.

The gage length for the flat and round specimens was 2.0 in. and 1.0 in. respectively.
Duplicate specimens of the Phase If alloys were taken in both the longitudinal and long-

transverse grain directions. Only the data for the longitudinal grain direction are in-
cluded for the comparison alloys; the number of specimens tested ranged from two to 40.

Table 111 lists the average mechanical properties of all the alloys. Figure 12 shows
these properties in order of decreasing longitudinal yield strength to illustrate the strength
relationships between the alloys. Appendix II contains complete tabulations of the tensile
data.



With few exceptions (71 78-T7651, 7575, 7079-T6-G, and 7578), the longitudinal yield
strengths decrease in the same relative order as the as-received hardness values noted in
Table I. The transverse mechanical properties are slightly lower than the longitudinal
properties for all Phase If alloys except 16. It is not clear why alloy 16 behaves
differently.

The silver addition in alloy 17 produces a small increase in yield strength ( 1.5 ksi)
over that of alloy 16, in the longitudinal direction. Transverse mechanical properties of
alloys 16 and 17 are nearly identical. Increased zinc and magnesium contents in alloy 20,
replacement of chromium with zirconium in alloy 18, and increased copper content in alloy
19 all increase the strength above that of alloy 17. All Phase 11 alloys have yield strengths
above the 70,000-psi goal and show higher strengths than any of the comparison alloys.

The comparison alloys with yield strengths above 70,000 psi are 71 78-T7651 and 7575.
This would be expected since both alloys are quite similar to some of the Phase 11 alloys
in heat treatment and composition. The 7178-T7651 and alloy 19 have similar compositions
(Fig 1 ) except for silver content, and both were overaged to a similar degree (Table I).
The 7575 and alloy 17 have similar compositions (Fig. I ) and had nearly the same overaging
treatment (Table I).

Alloys 7578 and 20 also have nearly identical compositions (Fig. I ) except for silver
content. However. 7578 was overaged to a greater degree (T6 + 8 hr at 340"F) so that its
strength was lowered below that of alloy 20 IT6 + 10 hr at 3206 F). Another consideration
is the fact that the 7578 specimens (as well as 7575 and 7178-T7651 ) were from 0.5-in.-ihick
material, compared to 0.25 in. for the Phase 11 alloys. A slower cooling rate would bc ex-
pected for the 0.5-in. material, and could cause a drop of I to 4 ksi in mechanical prapertics
(3).

The alloys 7079-T6-G, A'74.61 -A. 7079-T61 I-A, AZ74.61, and 7075-T73 all possess similar
yield strength ranging rrom 66 ksi for 7079-Tt-G to 63.5 ksi for 7075-T73 (Fig. 12). The
7075-T73 and the two lots of AZ74.61 (AZ74.61 and A Z74.11-A) (Fig, 12) have almost identical
strengths. (The data for the AZ74.6l lot represent the average of 40 specimens.

The yield strength of X7080-T7 is similar to that of 7075-T73: the average of seven
specimens was 61.4 ksi. Tensile specimens of X7080-T7 were taken at several depths through
an 8-in.-thick die forging which had been quenched in boiling water. The mechanical proper-
ties of this forging varied only slightly across its thickness. This would be expected on
the basis of this alloy's composition (low chromium. low copper) and quench-sensitivity
curve (Fig. I I).

The lowest-strength comparison alloy was 7079-1- Il-G with a yield strength of 55., ksi.
Although the heat treat ment used on this forging is not known. its high electrical conductiv-
ity and low mechanical properties indicate a high degree of overaging. Ilowevcr. the ultimate
strength of 70"79-To1 14; i% comparable to those ol' AZ74.ol. AZ7461 -.\. 7075- 173. amid X70,O- I 7.
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6. FRACTURE TOUGHNESS

The fracture toughness of Phase 11 alloys was nmeasured onl both cenlter-notched panels
(10 by 24 by 0.25 in.) and precracked Charpy specimiens (2.16hby 0.39 by 0.25 in.) with thle
long dimension parallel to the longitudinal grain direction. Only limited precracked Cliarpy
data are available for the comparison alloys. The center-notched panels were fatigue-cycled
from an initial 0.5-in. sawcut to a crack length 2a =3.5 in. prior to fracture testing.
They were then loaded to fracture in laboratory air at a programmed stress rite of 1 ,000
psi/sec. The fracture toughness parameter KC was calculated from the relatinnship

KC= ag 7'_

where ag = gross area stres at fracture (psi)

a = 1 /2 crack length before fracture (in.)

0 - finite-width correction factor (W.1 tra tan i ~

All fracture toughness tests were valid with a (T net" 17 ty. ratio of' less than 0.8
at fracture-

FDuring testing of the center-notched fracture toughiness pantels, high-speed miovies, P.Y10f ranmes per second) were taken to determine whether "slow" crack growth occurred hct-o Ie
f'inal rapid fracture. Some slow growth had occurred onl all panels, it) thle final Itew seconds
of loading. The crack lengths ( -a) increased from 3.5 in. (2a it start of loading) to
approximately 3.8 in. except in aOloy 17, where cracks grew as tar as 4.0 in. before cati1-

Average fracture toughness data obtained from these tests (including those correc-ted
for slow growth) are given in Table Ill. Complete data for each specimien are tabulated in
Appendix II. The only trend observed in the toughness data is that. generally . bo~t K('I. and the fracture toughness parameter W/A (energy to propagate per unit ol craick areai 'orprecracked Charpy Specimens) decrease as strength increasos. The K(- data indicaite thatalloys I o. 17. and 18 are tougher than 7075-T65 1 -1, whicicas alloys 1 () and 20 are not 'The
W/.. data indicate that all Phase 11 alloys have higher toughiness than 7575. 757/8. and 7 1 78-
T7651I. The lower-strength comparison alloys X7080- F7 and AZ74.6 I are tougher thtai thle

other comparison alloys and the Phase If alloys.
Lxamination of the precracked (iharpy specimen, and center-notchedl panels from tlic Phaise

If alloys revealed several itemis:

a. The 7075-T65 1-1 SIIshowed much More intcrgranular short-transverse dclamitiation or "split-
ting"' on tile f'ractuire laces thanii did anN of the oseraged Pliltsc 11 alto% s. [ his dIllfer-
ence is illinstra led in F~iv. I 3. \ wItiicl ,It o~k thle fractLI NrcJ Sn1 rIce o\ I~t \ia precriackvd
'hJrpN specHimens. Aiid 1:1g 14. ý% Iich li sows traicture proliles ot ty pical ecluer-itoteltecd

paicts taken 0.25 in- rom the paincl ends.

b. NMacroscopicall% . all Phase 11 a tloN s eceptl~ 707F5-165 1 -1 showed a nearl\ I 00-prciccit shecar-
mode ract Inrc in the i ce nter-notche id Ies ( I g 14 ). '7U' i- I (ý5 I -I ,,h owed p)rim arilI a
flat t~ractLiic itiotlc.
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A
c. Alloy 18 (zirconium, no chromium) had a fracture surface noticeably different from those

of the other alloys in both color and texture. This difference is not readily apparent
in Fig. 13. ,

To determine whether toughness and fracture topography could be correlated for the Phase
1I alloys, two-stage plastic-carbon replicas were made from precracked Charpy specimens of
each alloy. Figure 15 shows the topographies for 7075-T65 1-1 and alloy 18. The topography
shown for 7075-T65 I-I was typical for all Phase 11 alloys except 18. The dimple size for
alloy 18 is noticeably larger than for 7075-T65 I-I and the other Phase 11 alloys.

7. FATIGUE LIFE 4

The center-notched panels were used to determine fatigue-crack growth characteristics
of the Phase I1 alloys. The nature and extent of environmental effects on fatigue-crack
growth were studied by cycling one panel of each alloy in dry air (< 10 percent relative

humidity) and another panel in distilled water. Cyclic loading was applied at 120 cycles
per minute (cpm) at a maximum gross area stress of 12,000 psi. The ratio of minimum cyclic
stress to maximum cyclic stress was R = 0.5. Crack growth was monitored from 2a = 0.5 in.
to 2a = 3.5 in.

Figure 16 presents data on crack length versus cycles for each alloy and environment.
Figure 17 is a plot of stress intensity factor K versus crack growth rate An2a,,. n for
each alloy and environment. The slopes of the lines in Fig. 17 range from 2.4 (alloy 19 in
distilled water) to 4.4 (alloy 19 in dry air).

All alloys perform similarly in the dry environment: the curves for alloys 19 (high
copper) and 20 (higher zinc and magnesium) are steeper at crack lengths longer than 2.0 in.
(Fig. 16). The silver addition in alloy 17 has little effect. (Compare alloys 16 and 17.)
The replacement of chromium with zirconium in alloy IS and the higher zinc and magnesium in
alloy 20 result in about 17 percent fewer cycles being required for crack growth from 0.5

to 3.5 in. than are required in alloy 17. All overaged alloys except alloy 20 require more
cycles than does the peak-aged 7075-T65 1-1 tc propagatc the crack to 3.5 in.

The difference between the overaged Phase 11 alloys and the peak-aged 7075-T65 I-I is
more pronounced in distilled water. In this environment all overaged Phase I1 alloys re-
quire two to three times as many cycles as the peak-aged 7075-T65 I-1 to propagate cracks

from 0.5 to 3.5 in. Other comparisons noted in the number of cycies required for propagation
from 0.5 to 3.5 in. are the following:

a. The silver addition in alloy 17 increases the number of cycles about 16 percent in
comparison with alloy 16:

b. Replacement of chromium with zirconium in alloy 18 reduces the number ot cycles about
32 percent in comparison with alloy 17;

C. Incrcsing the copper content in alloy 19 reduces the number of cycles about 38 percent
in comparison w-ith illoN I

2.1
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d. Increasing the zinc and magnesium contents in alloy 20 reduces the number of cycles -

about 24 percent in comparison with alloy 17.

Although distilled water accelerates crack growth in all alloys, the effect is less pro-
nounced for the overaged Phase If alloys than for peak-aged 7075-T65 1-1.

The fracture topographies of these specimens were examined by electron fractography to
determine whether the different growth rates could be correlated with fracture features.
Figure 18 shows typical fractographs from alloys 16, 1 7, and 7075-T65 1-I in both environ-
ments. In these photographs the crack length 2a is 2 in., which corresponds to

K = 21 ksi,, iri'n.

For easy comparison, all the fractographs are at the same magnification. The observations
from the fractographs may be summarized as follows:

a, The fatigue-crack propagation mechanism in dry air produces the characteristic ductile
fatigue striations.

b. The fracture appearance in distilled water is markedly different for peak-aged 7075-
T65 1-1. Ductile striations are only rarely observed, and the predominant propagation
mechanism results in brittle striations. Alloys 16 and 17 show brittle striations, but
many ductile striations are also observed.

I
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SECTION III

STRFSS-CORROS!ON TESTING

1. CONDITIONS AND PROCLI)VRES

The six Phase 11 alloys and Jeven comparison alloy lots were tested as shown in
A ppendix Ill. Test conditions and procedures in Phase 11 \N ere the same as those established
in Phase 1 (1). The test specimen, shown inl Fig. 19, wkas strSesse byý lcg dleflection. \'allies

posrein n ndutralarca. The alternate-immersion test sqpecimens were anodjied (chromic
aci) t reuc geera coroionandtoaidin eletig cack an lnea pis.The outside-

In ddtioaltess.double-cantileve-r beamn ()C13) spet-irens were exposed to 3.5-percent
sodum hloidesoltio thee ime aday, and exfoliation coupons were exposed in a salt-tog,

caie oa -ecn odium hoiesltonbfee ih;cei cdt H- 3.0.

Teamrbient conditions for Phase 11 were slightly different from those for Phase 1.
Tieartemrpera Lure during alterniate-ikninersion testing ranged from '78 F to 8 1* F for Phase

1.compared ýk ith 750 F to F ~I for Phase I. The range of relative humidity (Rif 1%ajs 55
to6- ...rcent for IPhase 11 and 45 to 55 percent for Phase 1. [lhe outside-exposure specimens

teesint.,a over diffe'rent parts oi- thle year (Oct oher-F-ebrua rY for Phase 11 comipared \kith

Jand uary-March Mid Nlax -A ugust for Phase 1) JII di(us experienlced diff'f-erent temlperaiture. ho iiid ityv

All I the a Iterna tc-iminersion specimenus wkere t Lt ed ii tile saime 60-ga! fill-and -(ra in

sstemn ovner thre onlme timue period, - ith fi lie except i-jo of' lie second lot of 7075 material
(707540651-2 1. vý liicli vas placed inl test 44 days, Aftt ' the other alloys,. Lach specimen was
phloograiplid every _2 weeks, during exposure to record thC piogressiVe elriMILeS and to d id inl
determining grmssthI ratles of crac:ks or pits. In addition. e.iclr specimen wvas examined regul-
larly under a I OX wide-field blinclOCIar microscope to de termine thle I ime to first crack or
linear pit and ilie timec to ta illurc (zarb~itrairil v defined as. crajcks, pits. or linear pits along
the entire lengthI of' the test section).

Al ileCHL oftestingo. specimencls of' Ilie tariours alfo% amd stress,-level cobin jna tions
-toe odeterimine the riature of t lie MLAtt t1 atoccurredI. Onle Sp~eCinlIen of' eac

Plisc f jloýLitcjc sress Ics c IIaIuL onle specimren of' echul coi iparison allox Ntressedl at
26 ad ý0ksi ercexaminedI. [lie basis for selecting specimens for 'ectiollling %%as th le x-
tenofpitingor racing, ill Al1 ca,,es thle most severe lý altutcked specimen of ( lie st ress-
lc~l go~l \k% 1CC611cl.I lie Sectioned specimlens" are listed inl Appendix Ill.
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2. RLS UL IS

a. A lteria te-l inin ersion Testing

ReSul ts SOf t Iie tests, arc So~in a ri/cd inl Ta ble IV. At -32. 44, anld 56 ksi, a Ilhv 18 anld
1 1 are less resistant to stres-corrosiof crackin thlan the other Phase II alloys. Mut bothI alloys are more resistant thban the second hvea of 7075 7075=65 4 24 Al t Ihe comparison
alloys showed elatIvely high shistance With thec exceptions of 70704T60 and 757K5 The
higher susceptibility of extruided 7575 as compared wi¶ Mialy 1 7 wsuepce.siwe liot h
dlloyshv iinilar compositions atnd %ere hcalt~reated si mifla'.

The resistance of' 7079--101 -A vs as better than exipý'cted. lThis is, re~ated to the fact
that several or t li six speci lens tested contained eq u axd ira in St ructures or gram H=o

paraillel to the stres dir-ection. These specirncus %%ere taio K iifom a hotging. and not all
of theml contadinedL the partjfing llanle.

Sihe alloy s %%LN cr cmpared as to extent of cirack '-e o- n -~"'T hy deterimm I ht
*part of- the total length of eachi specimren conitainied cracks or linear flits at the end of, test-

ing. The so niniary data are given in Appendix Ill. The average data as functions 0f ;1110N
and stress level arm plotted Iin Fig . 20.

The results of tMi anals is correlate well Wit tOlie failuimr- te dani Table IV\. except
for coniparisoni alloys A/24.6 , 7075-T73. 7 1 7X-T765 1. atnd 75W~ These alloyS arc suIOWt
to extensie damage at t li h igher stiress levels. but t Itis damlage consists predomi na ItI l\ ol
pittinig and linear pitting, rather titan tlie pronounI1,ced titcr~granular cracking prevalent Iin
several othicr alloy.

To ratIe thle alloys1 accu:Lrately . the data of' Fable IV and I-ig'. 20 ImisL1t be uIsed IIn cOnl-
jinction wvithI infolIrtiatioii obtained froiit cross sections. (rOs.,-NeCtlioi :ind tinie-scijtenec
photographs are d isplIay cd inl Figs. -2 1 tirouh 5 1 AWormsi kes leNl of 2h ksi I Phlan I f an]
cLtip11arisOti alloys and 32 and 44 ksi WPhase 11 alloy s only. Tlhe CndtlOf-te1,( photograp'Ilt\
of all other specimens are slto\% it Iin Appendix IV.

Il) I 4-KSI Specimens

None of the 20 specriniens stressed to 14 ksi failed in aiterniafe-itunt -.ion testing.. I nit,-
{i-l-est phIo togatill',t of thle I 4-ksi sp-cimlens, are shovs ii inl A'ppeldis I V.Alloý In( Nllokkcd omelm
sujrface pitting af ter exposure, and aIllj s 17~ and 2(0 Intld essentially the saute appearnce is

allov I1o. AdýLditional coppecr 1 euonpare lON, I17 with l9) cansed an invcrs inia stttic 1ittit.
.\lloys I ?. 70-5-1(5 1I-1, aiid 7(175-15 1-2 bowed litl ot no coimionil ,iMuck

(toss sections through [lie pitted areas of Ithese speciliteiNs shoss cd that ti1e ifamiia-ce vsjs
restricted to sliallo%% pits, ece:pt ini 7075-165 1.2. Shiort. blunt iirtegiainii pr~itllistot

extended:L trout th%. hottoinb of the pit" [ lie total dep hi of attJAck~l vs is than 00t1) ill.

()ine of the tNso 70)75-I101-2 specutiens, slitMCed NIharp iiteryi1ntilJi Liaickiw

r,



Tuhhl 11'. Simm.,arr ofStrcxs-C(orroion Test Data (A ltrna'te hnmcrsion a)

No. of speci.,;cns failcd,;No, in test - (days to failure) 7
A!lov '4 ksi 20 ks1 26 ksi 32 ksi 44 ksi 56 ksi

20 •s 2( i

00 0,'3 0!5 0.!6 I/5 (44)b W03 0/2

u 3 0,'5 0"(, 05 013 012

.3 0 5 016 I/5 (89) 3,1 S

I 4

1~ 3 0 0!6 0/;5 l'3 (S-) '

00 0'3 0,5 0'6 I/5 (4 4 )b 0 12 (s3)

075-TOSI. 1 0.3 P/S 0o, 0 8 9,5 -•" ' ) " ['o1
, I

o07ý , .,,2 ,,2 •, (47 (10 ) 2(, (0

AZ74.o 1 . 0."2 0/o 02 "i

0/2 02l

AZ .0.'2 I- -- I oi'
7075-T73 - - - 01l 0`2 - - 0 Oil

.A7.1-A - Ol 0/2 •'1i2 0

\70S0-T7 - (4 4 )b i o- I

"07-o-qT,11I-A ... 0/ 1 0;12 - -0./2 j 5

7079-T61 1-G -- 0/I o'? -- 0!' 0/1

0'79-T(,G 0- 01 22(2 - "() 1

i7;02.. (7) 12 (42) 2,2 (28

"". . 0'2 02 1F2 (83) 1I2 (.43)

012 0' 0.'2 0 2

.. 5 N, I Soluft1)ll.

b v i i•,r• 'ndwcd
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(2) 20-KS! Specimens

None of the 38 sp,'cimens stressed to 20 ksi failed in alternate-immersion testing.

End-of-test photographs of these specimens are shown in Appendix IV. Again there was little
difference between the surfa:r. appearances of alloys 16 and 17. Some general pitting was
apparent. Alloy 20 was slightly more heavily pitted and alloy 19 much more heavily pitted
than alloys 16 and 17. Alloy 18 was virtually unattacked. The two heats of 7075 showed
some general corrosion, and 7075-T65 1-I showed some linear pitting.

Cross sections through the pitted or cracked areas of these specimens showed the
following: i

Alloy 16 Very shallow pitting: depth less than 0.001 in.
Alloy 17 Pitting, sharp intergranular cracks; depth

0.018 in.

Alloy 18 No pitting or cracking

Alloy 19 Pitting, sharp intergranular cracks; depth
0.025 in.

Alloy 20 Rounded pits, blunt intergranular protrusions: -1

depth 0.008 in.

7075-T65 1-1 Rounded pits, blunt intcrgranular protrusions;
depth 0.010 in.

7075-4651-2 Sharp intergranular cracking

(3) 26-KSI Specimens

Four failures occurred in the 58 specimens stressed to 26 ksi. Both 7075-T651-2 speci-
mens and both 7079-T6-G specimens failed at this level. Time-sequence and cross-section
photographs are shown in Figs. 21 through 37 for a heavily damaged specimen from each of the
Phase II and comparison alloys. The end-of-test photographs for the remaining 26-ksi speci-
mens are shown in Appendix IV.

Observation of the surfaces and cross sections produced the following findings: .

Alloy 16 Ranged from no attack to moderate linear pitting

Alloy 17 Minor pitting

Alloy Is Linear pitting, sharp intergranular cracking:
depth 0.035 in,

AIlo. lG (encral pitting and lincar pitting. bHunt inter-
granular protrusions: deptth () f)0(, in
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Allov 20 Moderate pitting and linear pitting. blunt
intergranular protrusions: depth 0.008 in.

7075-T)S I-I Minor pitting, sharp intergranular cracking:
depth 0.035 ill.

7075ToS 1-2 Extensive Oharp intergranular cracking: failed

AZ74.6 I Pitting and linear pitting. intergranular attack.
subgrain b1oundary brainch cracking: depth 0.006 in.

AZ74.6 1 -A Pitting and linear pitting. blunt intergranular

prOtruLsions

0105-173 Rounded pits, very blunt intergranular protru-

sions. depthl 0.0 16 in. Grain flow was not nor-

X7080-1'7 Pitting and linear pitting. intergranular attack.
subgrain dislodgement

7079-I 611I-A General pitting: depth 0.008 in. GrAin flow
was not normal to stress axis

7079-To I1I4; Little attack, not sectioned. Grain flow wab
not normial to stress axis

7 0 7Qr LxAtensive sharp infergranular cracking: failed

7575 MNoderate pitting and linear pitting. intergranu-

lar attack. subgrain boundary branch cracking:
depth 0.006 in.

Additional coiinient-sa0.13in

(11 Il alo~ AZ4.6I JldX700_1'7thepriaryi.rjcs wrecontinually blunted by a strong
Icndnt~ fo thccrick ron to ranh aongfilesubrai bondaries.

10 llo X7,NOI 7I)ONCSSeda rlalvel lage rai sie ad aodiedwith a surface

appicaraiicc dii kr-cit fromn liat of tli-, othicr alloyN.

(ricO~k pronp~ima it in 70)79)-[ 6 %%i c~trein~l>ý rapid.



(4) 32-KSI Specimens

Seven failures occurred in the 40 specimens stressed to 32 ksi, as follows:

Alloy 16 One (damaged during anodizing) of five
Alloy 18 One of five

Alloy 20 One (damaged during anodizing) of five
7075-T651-2 Two of two
7575 Two of two

Time-sequence and cross-section photographs of a heavily pitted or cracked specimen of
each Phase I alloy are shown in Figs. 38 through 44. End-of-test photographs for all other
32-ksi specimens are shown in Appendix IV. Observations of the surface and cross sections
produced the following findings:

Alloy 16 Minor linear pitting. sharp intergranular crack-
ing: depth 0.023 in.

Alloy 17 Minor pitting and linear pitting. blunt inter-
granular protrusions: depth 0.008 in.

Alloy 18 Minor pitting. sharp intergranular crackinv:
depth 0.049 in.

Alloy 19 Moderate pitting and linear pitting, inter-
granular protrusions: depth 0.018 in.

Alloy 20 Minor pitting and linear pitting. blunt infer-
granular protrusions: depth 0.010 in.

7073-T65 I- Mino, pitting, sharp intergianular cracking.
depth 0.010 in.

7075-T65 1-2 Extensive sharp intergranular cracking, failed

(5) 44-KSI Specimens

Twelve failures occurred in the 39 specimens stressed to 44 ksi. as follows:

Alloy 18 Three of three
Alloy 19 One of three
7075-T(1 5 I-1 Two ol three
7075-T151-2 TwV'o of two

7079-1-o-6 Two ol two
7575 One of tw•o,
757h One of tNo

L
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Time-sequence and cross-section photographs of a heavily pitted or cracked srecimen of
each Phase 11 alloy are shown in Figs. 45 through 5 I. End-of-test photographs for the other
44-ksi specimens are shown in Appendix IV.

All Phase 11 alloys exhibited sharp intergranular cracking. The extent of cracking was
less for alloys 16, 17, and 20 than for 18, 19, and 7075-T65 1-1. For the comparison alloys,
trends established at lower stress levels continued, Note that 7079-T6-G developer sharp
stress-corrosion cracks after only 2 days in test,

(6) 56-KSI Specimens

Fourteen failures occurred in the 28 specimens stressed to 56 ksi. as follows:

Alloy 18 Twooftwo
Aloy 19 Two of two
Alloy 20 One of two
7075-T65 1-1 Two of two
7075-T65 1-2 Two of two
7079-T61 I-A One of one
7079-T6-G One of one
7575 Two of two
7578 One of two

End-of-test photographs for the 56-ksi specimens are shown in Appendix IV. Cracking in
Phase 11 alloys was sharply intergranular. There was little difference in the extent or
nature of cracking between alloys 16 and 17, and both were less severely cracked than alloys
18, 19, 20, and 7075-T65 I- I.

Alloys 7075-T651-2. 7079-T61 I-A, and especially 7079.T6 failed quickly. All specinlens
experienced a higher degree of cracking and pitting at this high stress level.

(7) Unstressed Specimens

For comparison one anodized, unstressed rectangular specimen of each Phase II alloy
was placed in the alternate-inimersion test with the stressed specimens. End-,,)I-test photo-

graphs for these specimens are shown in Fig. 52, Residual stresses in the commercial 7075-
T651-1 were high enough to cause stress-corrosion cracking. Much of the cracking shown in
the end-of-test photograph occurred in the first 5 days of exposure. Cross sections through
the 7075-T65 1-1 specimen showed the cracking to be sharply intergranular to a depth of at
least 0.050 in.

Alloy 19 (high copper) showed more pitting than the other unstrcss•cd spccaincni . Ihis
increased tendency toward pitting was also evident on the sirt sd-specinens. I xcept tol
the attack around the edges of the specimens where the anodized layer i* l•'ss effective..
there was little difference in surface appearance among the other Phase I1 alloys.

(8) Posttest ('racking

After the completion of alternate-immersion testing. the strcssed specinchs wcrc stored
in the laboratory,. still in the stressed condition L.ater obscr%,ations revealed that a numnher of the

63-
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cracked specimens cracked even lurther in this laboratory environment. The specimens had
a residual coating of sodium chloride. Additional cracking occurred on alloys 16 and 17 at
56 ksi, alloys 18 and 19 at 26 ksi and higher, alloy 20 at 44 ksi, and 7075-T65 1-1 at 32 ksi
and higher. This additional cracking at any given stress level was less severe on alloy 19
than on any other Phase 11 alloy, and more severe on alloy 18 than on any other Phase 11 alloy.

f9l ('rack and Linear-Pit Growth Rates

Growth rates along the length of the test section of each stress-corrosion specimen
were measured from the time-sequence photographs. When cracking or linear pitting occurred
in more than one location, only one was used to calculate the growth rate. The crack or
linear pit selected for measurement was isolated wherever possible to minimize the compli-
cating effects of nearby parallel cracks.

The average growth-rate data for cracking and linear pitting are shown in Table V. The

complete data for each specimen are shown in Appendix 111. Three items are evident from
the data:

I. The growth rates geierally increase with increasing stress level for alloys 18. 19. 20.
7075-T65 I-1, 70"75-T65 1-2, and 7079-T6-G.

2. The growth rates do not increase smoothly with increasing stress lkvel for Phase II
alloys 10 and 17 and for the overaged comparison alloys AZ74.61, 7075-T73, X7080-T7.
7575. 7578. and 7178-17651 . This results from a greater tendency for the cracks to
blunt in these alloys and to slow or to stop growing along the length of the test
section.

3. The only alloys having growth rates greater than 0.001 in. hr at the 56-ksi stress
level arc 7079-l o-G, 7079-T61 -A, 7075-T651-2. and 19. The fastest growth rate observed
\kas 0.038 in. hr for '079-T6-G. At the lower stress levels of 26, 32, and 44 ksi, only
alloys 7075-T65 1-2 and 7079-16-G showed growth rates greater than 0.001 in.ihr: 7079-
T6-G still had the highest growth rates (0.013 to 0.015 in.,jhr).

b. Testing of Double-Cantilever Beam (DCB) Specimens

The DCB specimen is currently used at Boeing and the Naval Research Laboratories (4)
to icasure Kl(-, KIS(-(-. and strets-corrosion crack growth rates as a function of stress
intensity level in high-strength aluminum alloys. This specimen was developed by Ripling.
Mastowov. and Patric 1 5 , and was initially used to measure the fracture toughness of ad-
hesive joints. Gilman (6) used a similar specimen to obtain direct measurement of surface
energy in ionic crystals. More recently this specimen was used to measure the plane-strain
fracture toughness of several high-strcrat h materials t7, 8).

Two I)CB specimens with dimensions of 5 by I by 0.25 in. (Fig. 53) were fabricated
froin each Phase 11 alloy to test whether Kic and KISCC could be determined from the
0.25-in.-Ihick Phase II alloy material. The usual thickness of a DCB specimen at Boeing is
I in. Because of the thinnci ol the Phase II specimens, fracture of the arms during stressing
was it problcinl Ihncrefore. die slecimens were loaded to a deflection of only 0.080 in. At
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Table V. Comparative Growth Rates of Stress-Conosion Cracks or Linear Pits

,(thsousarndthsl~ in.) *

Average growth rate t h

Alloy 14 ksi 20 ksi 26 ksi 32 ksi 44 ksi 5b ksi

0.027 - - . 0.114 0.020 ' 0,082 0.057

17 0.057 0.019 - . - 0.075 0.095 0.095

IX ... 0.046 0.187 0.498 0.723

1( 0.007 0.108 0.153 0.168 0.147 1.57

20 0.057 0.027 0.030 0.055 0.073 0.244

7075.1651-1 0.037 U.031 0.010 0.047 0.229 0.527

7075-T651-2 0.035 - -- 1.16 1 3.85 3.42 5.17

AZ74.61 . .... 0.061 i 0.052 0.067 0.107

AZ74.6 I-A ..... -- O.1I13 ..... O.Oa3i

7075.T73 --- 0,0( .0o3 .- 0.099 0.089

X7080-T7 .... 0.09 -- 0.043 1 0.070

7079.T61 ]-A -- --

7079-T61145 ... .. 0.35 0.067 I

7079-T(,G --- 13.1 15.0

7575--.. 0.088 0.356• 0.221 0.249"

7578 ... 0.025 0.073 i 0.075 0.058

7179-T7651 0.077 0.097 0.055 0. 14,p

• Measured parallel to groove direction fiom time sequence photographs.

.11 0.25 IN. II
_ __ 5 IN.IIN

NOTE:

DEFLECTION (MEASURED AT LOADING POINTS) 0.080 IN. ON ALL ALLOYS (K ý 20 KSIV'iIN)

I /Q1rt 5" /),'ihh'-( 1 ,,hic cr i ( aii (1)dC) .NlCB init hrip wtrc•-( Omrru•,.oln I (A/lug
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this deflection plane-strain fracture (pop-in) did not occur and the DCB specimens were
not precracked. Iv contrast, the I-in.-thick specimen is deflected until pop-in occurs, thus
allowing Kic- to be calculated and causing a sharp crack to be present at the start of'
stress-corrosion testing.

Three times a day the notch tip area of each specimen was covered with 3.5-percent
sodium chloride solution to provide the corrosive environment. (The steel bolt used to load
the specimen was not in contact with the solution.) Crack-length-vs.-time data for these
specimens are plotted in Fig. 54. The fastest crack growth rates occurred in 7075-T65 1-1,
18. and 19, Average rates for the three alloys at a crack length of 0.9 in. were:

7075-T65 1-I 0.0028 in./hr
Alloy 18 0.0031 in./hr
Alloy 19 0.0003 in./hr

Cracking in alloy 19 is slower than in 7075-T651-1 and 18, whereas in the data of Table V
it is faster. These growth rates are higher than any shown in Table V for 7075-T65 1-1 and
18, and lower than any shown in Table V for alloy 19.

The growth rates for 7079-T6-G in Table V are much higher than for alloys 7075-T65 I -1I

and 18 in the DCB configuration. This indicates that 7079 has by far the highest stress-
corrosion crack growth rates. This rapid growth rate for 7079 has been confirmed using 5-
by-l-by-l-in, short-transverse DCB specimens of 7079-T651 from I-in.-thick plate. Growth
rates as high as 0. 1 in./hr have been measured for this alloy at K levels of about 20 ksi 7r-n.
Audible "pops" are heard periodically during this rapid crack growth, indicating that crack
growth is discontinuous.

c. Industrial-Environment Testing

To evaluate the behavior of the Phase 11 alloys in an industrial environment. 60 speci-
mcns of the configuration shown in Fig. 19 were tested outdoors: two each at 20 ksi, three
each at 26 ksi. two each at 32 ksi. two each at 44 ksi. and one each unstressed (Appendix !11).
Comparison alloys tested outdoors were AZ74.61. six specimens: 7575. two specimens- 7578,
two specimens: and 7178-T76. two specimens. All comparison alloys were stressed to 26 ksi.
After 100 days in test. no cracks have been observed on any of the specimens. These
specimens will be left in test for several more months.

d. Exfoliation Testing
#

Exfoliation corrosion testing of 3-by-5-bý-0.25-in. panels of each Phase 11 alloy and
several other commercial alloys were conducted in a salt-fog cabinet, using 5-percent sodium
chloride solution buffered to p1i 3 with acetic acid. Test procedures were those described
in Ref. 9. After two weeks of testing. none of the Phase I! alloys showed any signs of ex-
foliation corrosion. Some other alloys (2014-T6, X2021, and slowly quenched 7075-T651)
Showed mild to scxcrc exfoliation attack.
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SECTION IV

DISCUSSION

The high-strength 7000-series aluminum alloys in current use, particularly 7075-T6 and
7079-Tb. have an unfortunate susceptibility to stress corrosion cracking and thus are subject
to random service fractures. One goal of aluminum1 alloy development then is to significantly
reduce the incidence of these random fractures without materially affecting the product per-
formance. What constitutes a significant reduction and how performance is affected are engi-
neering judgments.

Tihe T73 heat treatment for alloy 7075 produces a Ncry high stress-corrosiun resistance
and is used in applications where near-immunity is required. However, this immunity is
achieved with about 1 4 percent reduction in minimum allowable mechanical properties.

It has been proposed that AZ74.61. a silver-bearing al~oy. could offer both the stress-
corrosion resistance of 7075-T73 and the high strength of 7075-T6. This study has slhoks n
that AZ74.61 has good stress-corrosion resistance, but its mechanical properties are similar
to those of 7075-T73. It does not appear that the minimum properties of 7075-T6 can be
guaranteed for AZ74.61.

Two alloys, 7178-T7651 and 7001-T75. with higher mechanical properties than either
7075-T73 or AZ74.61 possess a stress-corrosion resistance adequate to meet the goal- of this
contract. However, these alloys have :i disadvantage shared by both 7075-T73 and AZ74.61:
They contain Lhroniumn and are quench sensitive. The higher copper content in 7001. 717X.
and 7075 lurther increases the quench sensitivity of these alloys. In addition. the very high
alloy content in 7001-T75 results in low fracture toughness.

The new low-copper, chromium-free X7080-T7 is a quench-insensitive allo, that oflers
good stress-corrosion resistance (but less than 7075-173) and strength comparahle to that of
7075-T73.

There is a need for a ,tress-coniosioii-resistant allo. %- ith itlie utcigth of 7075-T1. This
alloy must have faligue and fracture toughness propcrtiCs equal to or better than thoeC for
7075-T6. and should offer stress-corrosion resistance s,,b Siantii lI. greater than that of 7075-P,

and '7079-T6. The alloy that will mleet the goals of this contiact is not commercially available.
These goals can be met b, a chruiiium-frcc, silver-free, zirconiuni-bcariig. mnediumr-copper
alloy with a zinc and magnesium content intermediate between those of 7075 and 7178.
One of the alloys studied in Phasc II of this contract contained zirconiumn in place of chromnitm.
but the allo. also contained silver. This alloy,, without silver, is the alloy recommended for
forther d celopimlent. Its IIotinmIi; composition is 0.4',' Zn. 2.55 \Mg. I .I; Cu. 0. 1'P \II,
0.15" Zr.

The remainder of thiis diScu.ssion considers tile following cengincering and technical points
that led to the recommendat ion ol this alloy oIInI posit ion

* The clfc•.t of silver ;idditions
* Meeting the stress corrosion goal



0 Meeting the mechanical property goal
* Controlling quench sensitivity
* Maintaining fracture toughness
* Maintaining fatigue properties

I . THE EFFEcT OF SILVER ADDITIONS

Patents filed by Rosencranz in 1958 (10, 1I1 stated that silver additions improved stress-
corrosion resistance in a range of wrought Al-Zn-Mg alloys. In 1960, Polmear (12, 13) found
that silver additicris stimulated the precipitation of the M' phase in high-purity Al-Zn-Mg
alloys, so that it was very evenly dispersed. Precipitation occurred even in the grain boundary
regions, where precipitate-free zones were observed in high-purity silver-free alloys. Polmear
suggested th~at this effect of silver should lead to increased resistance to stress-corrosion crack-
ing. this increased resistance was verified in limited laboratory tests on sheet materials. He
also suggested that the mnicrostruetural changes induced by silver would provide increased
shatter resistance (higher toughiness) under ballistic impact.

Later work by Polmear ( 14) showed that simiflar microstructural changes occurred with
silver additions to certain high-strength commercial Al-Zn-Mg alloys. In addition, high strengths
Could be obtained at higher than normal aging temperatures. He suggested that the higher aging
temperatures would also improve stress-corrosion resistance by reducing residual quenching
stresses. Preliminary tests indicated that silver slightly improved the unnotched fatigue prop-
erties of a forged commercial silver-bearing alloy': Polmear suggested that this was due to the
increased microstructural stability of alloys containing silver. It was also reported that silver
additions increased the quench sensitivity of these high-strength aluminum alloys (14, 15).

These earlv studies indicated that several beneficial effects could be achieved by adding
silver to high-strength Al-Zn-Mlg commercial alloys. Some. of these effects are:

* Increased stress-corrosion resistance
0 lInproved nccicehnical properties at higher than normal aging temperatures (> 250* F)
* Improved fracture toughness
* Improved fatiguie properties

It was recognized that silver additions could increase quench sensitivity. Subsequent
work has been involved with evaluating the expected beneficial effects.

a. Strcss-Corrosion H esislanicc

IL was recently reported (I 10 that the presence of silver makes no difference in the short-
transverse stress-corrosion thireshiold stress in 7075-type alloys thermally treated to develop
equal strength. This investigation was conducted with 2-mn-thick plate.

A mnore favorable view of incre~ising stress-corrosion resistance with silver additions was
recently published bx [lkington and 1miner (1;7). Thewe investigators evaluated the effects
of silver onl strength and strcss,-eoriosion resistance by using a base alloy with two different
copper c~ontent% ind wit miiid withbout imanga nese and chromiumll. The material was in the form
of 3-in- plate. I he dllo\ wervqen(~chlledJ at various rates. held 5 days at room temperature.
Mnd J2'cd 1 hir at 27ý; I 1 lie silIver-bea ring alloys wtre also tested after aging 6 hr at 329* F.



It was reported that the silver addition produced marked improvement in stress-corrosion re-
sistance, as did the addition of chromium, a slower quenching rate, and an increase in aging
temperature. The investigators concluded that an attractive combination of stress-corrosion
resistance and tensile properties could be obtained with an alloy containing 6,', in, 2.5% Mg,
1,35•7 Cu. 0.5': Mn, and 0.3w, Ag, aged o hr at 329*F.

The alloy proposed by Elkington and Turner is very similar to tihe chromium-free,
manganese-bearing X7080 comparison alloy of this study ('X7080-T7), with the exception
of the silver addition. Tihe composition of the X7080-T7 was 5.88';; in, 2.3~'; Mg, 0.86%
Cu, and 0.38% Mn; the heat treatment is proprietary.

Both alloys possess good stress-corrosion resistance. Elkington and Turner reported that
four out of five short-transverse stress-corrosion specimens of their alloy were unbroken after
I1O0 days at 90 percent of the 0.I -percent yield stress ini a rural environment. One specimen
broke in 97 dlays fl 7). They did not report whether cracks were present on tlhe unfailed speci-
mens. The test specimens were loaded in four-point bending under constant load (Black test),.

Comparison data on X7080-T7 obtained at Boeing in an industrial environment (specimen
shown in Fig. 19) show that no failures have occurred after 450 days in test for three speci-
mens stressed between 40 and 60 ksi. All three specimens h~ave shown in~ergranular cracking,
however. Cracking, but not failure, also occurred on the X7080-T7 specimens tested in the
3.5-percent alternate-immersion facility. These cracks grew very slowly, and no failures of
X7080-T7 occurred during the 90-day exposure. From this information it appears that
X7080-r7 and Elkington and Turner's proposed alloy are similar with respect to stress-corrosionI

resistance.

One aspect of tihe current program was to evaluate th~e effect of silver on the stress-corrosion
resistance of the step-aged Phase II base alloy. The results show no consistent dilflerenccs be-
tween the stress-corrosion performance of alloy l ( and alloy 17 in the Tb + I 0) hr at 320"F: heat
treatment. Both alloys were equally resistant to stress-corrosion cracking.

On the basis of tlhese results it does not appear that a silver addition to an alloy provides,
* improved stress-corrosion resistance over that of a similar alloy without silver when both

alloys are o,,eraged. I

Sb. Mechanical Properties

I)uring Phase I, silver additions to a 7075-type alloy aged at 320* F after a 4-day room-
temp~erature dela.y were found to increase the strength severa'l percent over that of a qiniilar
silver-free alloy. !!owever. it has been shownl (18) that silver ha•s a greater strengthening eff,,'tt
on 7075-type alloys than on more highly alloyed alloys of the lPhase ll type. In addhtion. the

degree of strengthening due to silver noted in l'hase I may not he realistic bec'au.•e the I'hase I

alloys were not step-aged. Optimum mechanical properties may require step aging. especciallyI for the silver-free alloy.

Alloy 1 7 possessed a longitudinal yield •trength I .: ksi greater than t hatof allo., I•)
]"his small stren•2thc.ning effect of silver on the Phase II bh•,c alln., might have been cven •,maller
had the optimtm m roomn-tcil, cra turc delay line been used for ;alloy I (•. Roscnera 1, (19 ) re-



of the AZ74 type when, aged at 320 F. When these silver-free alloys were room-temperature

,tged for 15 to 48 hr., strengths were as much as 9 ksi below tho ý which ,:ould he attained

with a IS-day room-teniperatwe delay. The final age in this case was 10 hr at 320 F. The
nsae effect for ohlier silver-free alloys (70'75-T6. 7178-T6) is well known, and data (3) indicate

that the difference between optimtum and redutted yield strengths for 7 78-T6 and 7075-Tb
can be as high as 3 ksi. For 7178 the highest strengths are obtained with a minimuum delay
between quenching and aging. This is also true for 7075, but delays of 4 to 30 hr are more
detrimental than longer delays. At higher aging temperatures, this difference (I to 3 ksi) be-
tween optimnim and reduced yield strengths would probably increase.

In silver-bearing alloys of the AL74 type, Rosencranz found that room-temperature de-
lay time had little effect on tensile properties when the alloys were aged at 320" F. Thus the
tensile properties of the silver-bearing Phase i1 alloys are ty pical (room-temperature delay time
probably has little effect), but the tensile strength of base alloy 16 is not optimum and may
be slightly below that possible with shorter or longer room-temperature delay times. Had the
base alloy been given a longer or shorter room-temperature delay tine before the aging treat-
ment. the small strength advantage of the silver addition would have been reduced.

In the comparison alloy tests. the commercial silver-bearing alloy AZ74.61 showed good
stress-corrosion resistance but did not offer a strength advanLage over the silver-free 7075-T73
alloy. In another stud', however, James (20) reported a substantial strength advantage foi
AZ74,•l over 7075-173. This discrepancy apparently involves the question of minimum
alloN able properties versus mechanical properties from random samples. There is no indica-
tion at present that the minimum allov.ables for AZ74.61 will be as high as those of 7075-T6.
but they may be higher than those of 7075-T73.

c. Quench Sensitivity

Using .ooling-rate data from Ref- 3. the average cooling rate in the center of the boiling-
water-quenched X7080 comparison alloy was 0.80 F per second between 750* and 550' F. A
comparison with cooling-rate data for Elkington and i'urner's proposed silver-bearing alloy is
shoin below:

Cooling rate 0.2-perceit yield strength

X7080-T7 0.8* F/sec 61.9 ksi (transverse i
E-lkington and 0.8* Fisee 36 ksi (short-transverse)
Turner's 36* F/sec 59.5 ksi fshort-transversej
alloy 180* Flsee 68 ksi (short-transverse)

Ihe fact that Elkin-ton and Turner measured average cooling rates from 779* to 393' F
instead of from 750* to 550* F makes little difference in this comparison.

I lie X0804-7 has a strength advantage for cooling rates below 36* F per second. I his
cooling rate is equivalent to that in the center of 2.0-in.-thick plate quenched in 75* F water.



The Elkington ind Turner alloy had higher strength than X7080-T7 when rapidly quenched.

This can be attributed to its higher zinc, magnesium, and copper content, and to a small
strengthening effect of silver at tile higher cooling rates. This alloy's increased quench sensitiv-
ity is due to the silver addition and to its slightly higher manganese and copper content.

An increased quench sensitivity was also noted in the Phase II alloys with silver additions.
Alloy 18 was more quench sensitive than the silver-free X7080-T7. Quench sensitivity also
increased with higher copper content in the Phase II alloys.

It has been shown that the detrimental effects of silver on quench sensitivity are less
severe in low-magnesium alloys (21). Polinear, however, has reported that cracking is a problem
in larger ingots with reduced magnesium contents (22).

The increased quench sensitivity of the silver-bearing, chromium-free alloys is detrimental
because slow quenching offers three important advantages. First, residual stresses due to quench-
ing are reduced significantly: second, parts can be heat treated in thick sections with mininmum
distortion during subsequent machining: third, slow cooling rates are beneficial to stress-corrosion
resistance (17, 23).

d. Fracture Toughness

Alloys 17 and 1 8 possessed the best toughness-strength combinations. The silver addition
in alloy 1 7 had a beneficial effect on KC ; despite a higher strength for alloy 17. it is tougher
than alloy 1 6. With alloy 16 as a reference point and using the average slope of the curves in
Figure 55 (-3.5 ksi 7in. per I ksi Fty), alloy 17 is I I percent tougher than expected.

The Royal Armament Research and Development Establishment (RARDE) in England
has also found silver to be valuable in increasing resistance of sheet to shatter under ballistic
impact ( 24)_ Shatter under ballistic impact is particularly severe ic the sheet is in tension
during impact. RARDE measured the susceptibility to shatter by means of a Charpy im-
pact test at liquid nitrogen temperature (-I 96°C). A 0.3-percent silver contelnt was found to
promote freedein from shatter in both low- and high-copper versions of DTD 087B 15.7'. Zn.
2.6"' Mg. 0.45'; or I ._'; CuI, 0.12'" Cr, 0.30';. Mn). In these tests the alloys were aged to peak
strength at temperatures from 230°to 3290 F.

e. Fatigue Properties

Whe slight beneficial effect of silver on fatigue-crack growth properties in distilled water
"was not expected on the basis of previous work (25). That worl- owed silver to have a sdielit
detrimtnttil effect. but was conducted on T6-temper alloys with lower /inc and tmignesiinlil
content a,-.J high'r copper content than the Phase 11 alloys.

Plolnicar (221 has conducted other tests on silver-free and silver-hearing alloys. using
notched and unnotched tatnigeC specilmens fronm the sliort-tranIversc aid longitUdidinal directions
of 3-in.-Ihick plate. Silvcr significantly incrcacd the uinnotchcd latigmi endu.rance limit at
10 1 cO s ,.e ol I a 1o0-copper a!lo 5.7' Zn. 2.7 .i Mg. 0.5': ('u. 0.2 " Cr 1 in lhic ,Iiort-tranu Icrsc
direction. Ilowe\cr. in a hi.-licr-copper al!O, t5.7 n Z .. 22• " . 13.35 (i, 0_2 : ri silker

produced no ,hanlc In the endurance linit at I 0"' cvcles in either the I"tehied or uintwielced
condition.
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Rotating-beam fatigue tests on the silver-bearing alloy AZ74.61 (6% Zn, 2.3% Mg, 0.85%
Cu, 0.2% Cr, 0.4% Ag) have shown no increase in endurance limit over that for similar silver-
free AI-Zn-Mg alloys (26).

DiRusso has studied the effects of silver on chromium-bearini, and zirconium-bearing
7075 (5.7% Zn, 2.5% Mg, 1.8% Cu, 0.18% Cr or Zr) in the form of extruded bar and rolled
sheet (27, 28). He also found little difference in fatigue properties between silver-free and
silver-bearing alloys.

f. Economic Considerations

The current price of silver is more than S1.80 per troy ounce. To add 0.3 weight percent
silver to a wrought Al-Zn-Mg alloy would cost more than $0.08 per pound. assuming that pro-
duction, processing, and handling costs of the silver-bearing alloy do not also increase.

Increased cost can be justified either by (I) reducing service problems (i.e. stress-corrosion
cracking) or (2) increasing strength (i.e. reducing structural weight). It has already been shown
that silver additions do not increase the stress-corrosion resistance for overaged alloys.

It is not uncommon to set a value on a pound of weight saved; this figure is often $50.00
per pound or higher. It can be shown that silver additions are economically justified if the
minimum mechanical properties allowables are raised by I ksi, even assuming that 3 lb of alloy
are required to produce a I-lb as-machined part.

Will silver additions raise the minimum mechanical property allowables by I ksi? It
appears that this would be the case in rapidly quenched thin sections. However, since silver
increases quench sensitivity, it is more likely that. for thick sections, a silver addition could
actually lower the allowables.

Since neither improved stress-corrosion resistance nor higher mechanical properties result
(for thick sections). the addition of silver does not appear justified.

g. Summary

Silver additions to the Phase 11 base alloy produced several beneficial effects, i.e. ( I
greater fracture toughness, (2) lower fatigue-crack growth rates, and (3) a slight strength in-
crease in thin, rapidly quenched sections. The addition of silver to the recommended alloy
does not appear warranted, however, on the basis of:

(I ) The small extent of the beneficial effects

(2) The similar stress-corrosion performance of the silver-free and silver-bearing overaged
Phase 11 alloys

3) The problem of quench sensitivity in thick sections.

~I



2. MEETING THE STRESS-(ORROSION GOAL

Hunter et al. (29) state that "if a part is to fail. a crack must initiate, and if conditions
conducive to crack initiations are maintained, failure almost certainly will result. Thus, it is
the initiation of the crack, and the factors related to initiation, that determines whether a
part will survive or fail."

We agree with this statement, but two important factors must be considered from an
engineering point of view: (a) virtual immunity (e.g. in 7075-T73) can only be achieved
with a considerable reduction of Imlechanical properties: (b) the vast majority of 7075-T6
and 7079-T6 parts perform satisfactorily in service. Tihe results of this program indicate

that Phase 11 alloys 16 through 20 in the step-aged condition would all perform better in
service than 7075-T6. The superior performance of these alloys would be expected whether
considering an electrochemical model or a cop!anar slip model.

Sprowles and Brown ( 16) rehte the superior resistance to intergranular attack and stress
corrosion in overaged 7075-T73 to electrochemical effects, in particular to a reduction in the

amount of copper in solid solution in the grain bodies. This reduction occurs during the
second high-temperature, aging step of the T73 heat treatment. The net result is that the grains
and grain boundaries attain the same potential. This conclusion is based in part on the work
of Hunter. Frank. and Robinson as reported by Sprowles and Brown (16) and Fink and Wiley
030). Hunter, Frank, and Robinson found selective corrosion along grain margins in thin films
of sloVly quenched (450 F sec) 7075-T6 sheet. This selective corrosion left grain boundary

piccipitates unattacked. Fink and Wiley suggested that the grain margins would be anodic be-
cause of the partial depletion of the solid solution of copper at the grain edges, thereby causing
the grain mar.gins to become anodic to the grain bodies and to the precipitated constituent in
the grain boundaries. These observations were in accord with those reported by Brown (16)
on the effect of artificial aging oil the electrochemical potential of rapidly quenched 7075.
Brown reported that aging at 250* F caused the potential of the 7075 to shift about 75 mV
in the cathodic direction after 24 to 36 hr. Additional aging at 250* F caused little change.
If after agin- 24 hr at 250 F the alloy was aged 8 hr at 3500 F, Brown found that the potential
shifted about 35 inV in the anodic direction. As Brown pointed out, these changes in potential
indicate the precipitation of zinc from solid solution at the lower temperature and of copper
at the higher temperature. The second aging step thus reduces the copper in solid solution in

the grain bodies, with the result that the grains and grain boundaries attain the same potential.

However. changes other than electrochemical changes also occur with overaging. The co-

herency, size, and volume fraction of the hardening precipitates change during aging. Speidel
(31. 32. 33) and foil (34) have shown by thin-foil analysis of deformed high-strength aluminum
alloys that these changes alter the mode of dislocation movement. Coplanar slip with pile-ups
at grain boundaries has been observed in the alloys susceptible to stress-corrosion cracking.
whereas the more overaged alloys exhibit slip bands containing curved dislocations and dis-
location ioops and tangles. These authors postulate that the pile-ups at grain boundaries
occurring in tie susceptible alloys can cause intercrystalline fracture in the manner proposed by

Robertson and Tetelman (35) and Stroll (36). Slip line evidence showing dislocation pile-ups
at it cracked grain boundary of an AI-7.5Zn-2.4Mg alloy has been obtained by Brummer et al.
(37).



No cracks have occurred in alloys 16 through 20 in the industrial environment after 160
days at 20. 26, 32, and 44 ksi. The performance of alloy 18 in the dlternate-inlinersion tests
and in the double-cantilever beam (DCB) stress-corrosion configuration was somewhat inferior
to that of alloys 16, 17, 19, and 20. However, additional overaging is proposed for the recom-
mended alloy (alloy !8 without silver) its stress-corrosion resistance should be significantly

greater than that of alloy 18. Overaging is definitely the method to achieve increased stress-
corrosion resistance. Even the highly susceptible allcy 7079 can be made highly resistant to
stress-corrosion cracking with sufficient overaging: The 7079-To I -G comparison alloy (highly
overaged as evidenced by its high electrical conductivity. Table I) possessed excellent stress-
corrosion resistance, but its yield strength was the lowest of any alloy tested. The silver-bearing
alloy 7578 is another example. This alloy is very similar to alloy 20 except for its higher aging
temperature (T6 + 8 hr at 340 F). The corrosion attack consisted of very blunt pitting (Fig.
36). similar to that which occurred on the 7075-T73 (Fig. 30. The higher aging temperature
also resulted in lower mechanical properties for the 7578. and the strength of this alloy was
comparable to that of AZ74.61, AZ74.61-A. and 70T5-T73.

Thus the degree of overaging must be the minimum i quired to impart the desired level
of stress-corrosion resistance. Aging curves indicate that the time at 3208 Fcan be doubled
for alloy 18 without lowering properties below those of 7075-T6. Since silver influences
strength only slightly. the recommended alloy should be overaged approximately 20 hr at 3200 F.

a. Composition Effects

Other factors that may influence stress-corrosion resistance are suiiiiinarized below.

I ) Minor Element Additions

iThe effects of silver, boron. cerium. yttrium, and zirconium on stress-c orrosion resistance
twere evaluated in Phases I and ll. It is apparent that the effects of thermal treatment far out-
weigh the individual elemental effects. An additional comment on the effect of silver is that
alloys with high silver contents le.g. 7578) show a high dcnsit. of pitting attack- This effect
,was also noted in Phase I (1).

(2) Copper Content

-\nother possible explanation for the difference in performance between 7075-T73 and

7178-T7651 as compared to X7080-17 is their different copper contents. The highei copper
contents in the former two alloys may have contributCd to their tendency to pit rather than
to crack as the X7080-T7 did. Ilowever, alloys 17 and 18 contained the same copper content.
In this case, the lower rate of o0eraging noted in alloy 18 certainly contributed to the greater
extent of crackine in this alloy. It should also be noted that higher copper contents increase
quench sensitivity.

t3) Manganese. Chromiuml, and Zirconium

TThe nmanganese-bearing and zirconiumn-bearing allovy Iay not lIe as resistant to stress-
corrosion cracking a, similarly aged chromium-bearing .lloys (-"7075-173. 71 78;-7051 ). For
eCsanlple, no1 spccimlcns of alloy 18 failed Ait stress levels (if 26 ki or hbloA ithe goal was 25 ksi



[ threshold). but cracks did develop in three of the six specimens of this alloy at 26 ksi. The
mianganese-hearing, stress-corrosion-resistant X70804T7 comparison alloy also developed sharp
intergrariUlar cracks at the 216-ksi stress level.

One possible explanation for the poorer performance of the manganese- and zirconium-
b earing alloys is the fact that the tli~n-foil analysis showed a much lower density of intermetallics
in th alaeebaigX7080-T7 and the zirconium-bearing alloy 18 than in the chromium-
bearing alloys 17. 7075, and 7 178. Speidel (31 ) Iias suggested that the intermetallic particles
fob y b chromium. manganese, and zirconium are either bypassed by dislocations or act as
dislocation sources when the material is stressed. thus reducing the effective stress concentra-
tion at grain boundaries that results from coplanar slip and pile-ups in susceptible alloys. The

much greater density of intermetallics observed in the chromium-bearing alloys could there-
fore be more effective ini reducing the extent of dislocation piLe-ups at grain boundaries.

However, the same effect of reducing pile-ups has been shown by Speidel (3 1, 3)2, 33)
and lHoll (34) to occur by overaging these alloys until a large fraction of the hardening precipi-
tates are bypassed rather than sheared. Therefore, even if manganese- and zircon iu m-bearing
alloys are slightly inferior, overaging in these alloys should maintain a high level of immunity. -

b. Other Metallurgical Effects

(1) Substructure. Quench Rate, and Grain Orientation

The improved stress-corrosion resistance of the recommended alloy after additional over-f
aging may be further increased if slower quenching rates are used. This expectation is based
on tile work of Elkington (23). H-e showed that slower quenches or prolonged aging after

slwquenching increased the stress-corrosion life of DTD 5034 (5.2-6.2'( Zn. 2.2-3.:7( Mg,
0.3-0.7'; Cu. 0. 18-0.5'. Cr + Mn) by increasing the amount of subboundary precipitation. He

amout ofworkng.Increased substructure resulted in increased stress-corrosion resistance.

Would alloy 18 have performed better if it hed been boiling-water quenched (more sub-
boundary precipitation) rather than cold-water qucnched? It appears that the answer is yes.
None of the Phase 11 alloys showed any heavy subboundary precipitation, as evidenced by
thle difficulty' in observing the subboundaries in etched samples of these alloys. However,
subboundaries were clearly visible in the more resistant AZ74.61 and X7080-T7 comparison
alloys. The larger amount of subboundary precipitates in these alloys is probably due to
thv slower quenching rate. Also, in the case of X7080-T7, the alloy was almost certainly
more highly overaged than any of thle Phase I1 alloys. This conclusion is based on the high
celcctrical conductivity of thle X7080-T7 and the electron microscopy study.

The increased su~bboundary precipitation in the AZ74.6 I and X7080-T7 was a factor in
the good performance of these alloys in the stress-corrosion test. Both heats of AZ74.6 I and
thle X7080-T7 showed definite intergranular attack even at the 26-ksi stress level, but the
cracks propagated very slowly. Primary cracks were continually blunted because Of a tendency
for thle attack to branch out along the subgrain boundaries (Figs. 28 and 31 ). Thie attack dis-
lodged entire subgrains along the primary grain boundary, resulting in a blunted crack and
retarding the preferential propagation of any one crack.
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The better than expected performance of alloy 7079-11 I-A (Fig. 32) resulted at least
in part from the grain structure and grain flow orientation at the parting plane of the forging
from which the specimens were taken, and not from an inherently resistant structure (which
can only be achieved by overaging).

(2) Fabrication History

The difference in stress-corrosion resist-ince between the two heats of 7075-T651 indi-
cates that the pile-up theory by itself is not enough to explain stress-corrosion susceptibility.
This follows from the fact that in two different heats of 7075-T651 with similar chemistry,
heat treatment, and grain structure, similar dislocation arrangements (restricted slip and pile-
ups at grain boundaries) would be expected and thus could not account for the differences in
stress-corrosion performance. On the other hand. differences in local chemistry along grain
boundaries of the two heats of 7075-T651 might explain the differences in their performance.
These chemistry differences could result from differciccs in starting ingot size, homogenization
time and temperature, and time-temperature-fabrication history. Sonic work has been re-
ported on the effect of various homogenization temperatures on the composition gradients
across grain boundaries (38).

To determine if the difference in stress-corrosion perform.ance could be accounted for by
differences in composition across grain boundaries, a microprobe analysis was made at low
angles across grain boundaries in the two heats of 7075-T6,S 1. The analysis was for
zinc. magnesium. and copper. Although slight variations in copper content from point to point
were noted, no consistent differences in composition at the grain boundaries were detected.
The reason for the different performances in the two heats of 7075-T5 I is not clear at this
time.

ý(3 Resistance to Exfoliation

None of the overaged Phase I1 alloys were susceptible to exfoliation corrosion. This would
be expected on the basis of the electrical conductivities of the Phase I! alloys. Rotsell (39) has
sho%& n that susceptibility to exfoliation becomes negligible w hen the alloys arc overaged to
electrical conductivities of about 35 peicent IACS or greater. His findings are based on studies
of 7075. 7178. and 7001.

3. MEETING TIlE MECHANICAL PROPER] Y GOAL.

Since all the Phase II alloys except alloy 20 were located in the center of a proposed comn-
position range. their mechanical properties must be considered k pical. not ininimum. To ob-
tain some idea of the minimum mechanical properties of the proposed alloy, a value must be
subtracted from the typical values obtained for alloy I 8. Subtracting 7 ksi from the tensile
properties obserNed for alloy 18 is reasonable in estimating the miniLmumn longitudinal proper-
ties. Tlierefore. tlie minimnum yield strength for the recommended alloy with a heat treatment
of T6 + 10 hr at 3200 F should be about 72 ksi (79 ksi - 7 ksio. This calculation aSum,1nes that
eliminating silver from the proposed allo• %kill have as lii tic ain cfllcot on strength ias was ob-
served bct, een alloy Io a l I 7. Since: additional overawin! is ,,1isUgcStCd f•r the recommended
all oy. the 72 ki valuc MiLst be reduced urttier. Based on the aging curvcs for alloy 18. the
proposed aging trca tment of f6 + 20 hr at 320* F wNould n1t h\vcr thtic ininiituin strengtIh of'
tlih rcco•ilendlLcl lloN bhclo\ that of 7()-1u for loiinya.ihlc hliiis, And thicknescss.
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4. (ONTROLI IN6 QUENCH SENSITIVITY

The phase II base alloy met the stress-corrosion and strength goals of the contract. How-
exer. the presence of chromium results in a quench-sensitive alloy. It would be an obvious
advantage to be able to eliminate or replace chromium without sacrificing strength, fracture
toughness. fatigue life, or stress-corrosion resistance. Chromium can be replaced with man-
ganese (e.g. X7080), and Panseri and DiRusso (40) have shown that zirconium may substitute
for chromium ir. promoting subgrain formation and in inhibiting recrystallization of 7075
during solution treatment. t

Bryant (41) has shown that chromium additions make an alloy more quench sensitive
than do manganese additions. DiRusso (2) has shown that chromium additions make an alloy
more quench sensitive than do zirconium additions. DiRusso postulates that chromium can-
not maintain a high concentration of vacancies at slower quenching rates and that the effect
is a reduction in the number of nucleation centers (assuming that nucleation requires solute
atom-Nacancy clusters). The resulting less dense and coarser harder.ing precipitates cause
lower strength. DiRusso proposes that zirconium maintains a high concentration of vacancies
even at low quenching rates because of a high interaction energy of the zirconium with vacancies-

Robinson and Hunter. according to Sprowls and Brown (16). have stated that chromium
accelerates zone growth. This effect is reported to be due to chromium atoms that remain in j
solid solution and increase retention of vacancies during quenching. This view seems to con-
llict with DiRusso's.

Bryant (41) states that chromium and manganese increase quench sensitivity by nucleating
preferential precipitation during quenching so that a portion of the solute is not available for
subsequent age hardening.

Bryant discusses two possibilities to account for the behavior of chromium and manganese.
First, thc chromium and manganese atoms in supersaturated solution may form clusters that
provide sites for precipitate nucleation. The slow diffusion rates of the chromium and manga-
nese permit this supersaturation at levels far above the equilibrium solid solubility. Second.
the rccrv stallization-inhibiting properties of these two elements result in the formation of a
stable dislocation substructure, which persists throughout solution treatment and provides
nuclei for the preferential precipitation of solute during the quench. The fact that chromium
has a more marked effect on quench sensitivity than manganese is attributed by Bryant to the
sloNcr diffisuion rate of chromium and its greater ability to inhibit recrystallization.

Zirconium will he used in place of chromium in the recommended alloy. The alloy will
thus be less quench sensitive.

;. MA\IN] AINING FRACTURE TOUGitNESS

Fracture toughness properties for all Phase II alloys were comparable to those for 7075-
I ,5 I. One of the halisc 11 alloys, contained the highest zinc + magnesium content in the pro-
posed chemistry range. [his alloy possessed higher strength than the Phase i1 base alloy and
proideLd J measure: of the minimumn fracture toughness to be expected. In the 7000-series
highi-strength altufitmlun) alloýx s. the fracture toughness parameter K(- decreases approximately
3.S, ksi . in- per I k•,i increase iln tensile yield strength, as shown in Fig 55. (The K(- values



plotted in Fig. 55 do not take slow growth into account.) Most of the data in Fig. 55 are for
thicknesses of 0.063 in. and 0.160 in , but KC is a function of thickness. With their greater
thickness (0.250 in.). the Phase II alloys would be expected to lie on a curve to the left of the
curve in Fig. 55. Using data from Kaufman and Holt (42), a decrease in KC of about 20
ksi ..ji'i. for 7075-T6 would be expected going from 0,063 in. to 0.250 in. thickness. Despite
the greater thickness of the Phase II test material, alloys 16 through 20 (including the high
zinc + magnesium alloy) were within the scatter band for 0.063-in. material.

Analysis of the fracture toughness data for alloy 18 shows that the replacement of chro-
mium with zirconium had an additional beneficial effect; alloy 18 is about 10 percent tougher
than expected, using alloy 17 as the reference point. These comparisons use KC and not GC
values; GC = KC 2 /E.

In both strength and toughness, alloy 18 possesses the most attractive combination of
properties. It contains silver, which the previous analysis has shown has a beneficial effect on
toughness. Removal of the chromium intermetallics from the alloy has resulted in fewer nu-
cleating sites for the coalescence of microvoids, thereby increasing toughness. This was evident
from the fractographs comparing the fractured Charpy specimens from alloy 18 with the other
Phase I1 alloys. The dimple size for alloy 18 was much larger. Data from a current Boeing
alloy development program (25) show that in a high-zinc/magnesium-ratio alloy containing both
silver and chromium, the addition of zirconium increased toughness and strength. Since chro-
mium intermetallics were present in the latter alloy, zirconium must increase the toughness of
an alloy just as silver did. The high toughness of alloy 18 is due partly to the silver addition,
partly to the zirconium addition, and partly to the removal of the chromium intermetallics.

Alloy 20 (high zinc and magnesium) had the lowest toughness-strength relationship as
expected, but this toughness is within the range of toughness values reported for 70"75-1'(,51,
The high copper in alloy 19 also decreases toughness below that expected, using alloy 17 as
the reference point. A higher-volume fraction of the S plhase (CtuMg)Al' may be responsible
for this behavior.

The lowest fracture toughness to be expected in any 7000.series alloy depcnds not only
on the heat treatment and the zinc, magnesium, and copper contents, but ao on the iron and
silicon content. An analysis of the effects of iron and silicon at constant strength levels (43.
44) has shown that the intermetallics resulting from iron ,Al7C(u'l2Fc and silicon (Mg2Si) arc
detrimental to fracture toughness. Therefore, the minimum toughness show n for alloy 20
could be further lowered if increased iron and silicon are allowed in the recommended alloy.
Data from Ref. 43 indicate that the toughness of alloy 20 will decrease by about 5 ksi , in.
if 0.2 weight percent iron is present. Increasing silicon content has the complicating effect of'
decreasing the magn.sium available for strengthening by tying up1) m1oreC nmllgcsiunm1 in Mg2Si
particles. This competing reaction decreases the strength. thus tending to increase toughness
at the same time that the increased-volume fraction of %2Si is tending to decrease toughness.
Tile results from Ref. 44 indicate that in a material olf the alloy 20 composition. 0.2 percent
silicon will lower strength and increase the amlount 0f .\g2SI in IucIh a Imlatler that the re-
suiting toughness chang.,s only slightly. Therefore. the lowecst toughness onri inight expect
for alloy 20 with 0.2'. Fe and 0.2' Si is about 49 ksi Ilk. 04 Li In 5 i il. due to in-
creased iron). The resulting yield strength of the alhboy in thl mLi\c 144) v. nld bc ý'uout 72 ksi
(77 ksi - 5 ksi) (,in;ig to the increased silicon content.



I lithe strength A- alloy 20 is increased to that of 19 and 70754651 1-1 by moving along
a slope of -3.5 ksi \ in. as in Fig. 55, it can be seen that alloys 19 and 20 both have lower
toughness than the 7075-T65 I-I. This occurs despite a shpihtly higher iron content in the
7075-165 I-I. lhis finding substantiates previous findings that the alloy with the lowest total
alloy content (in this case the 7075-T651-I) has the highest fracture toughness for a given
yield strength. As another example, alloys of the types 7075-T651, 7178-T76, and 7001-T75
are all of similar strength. The most highly alloyed of tile three. 7001-475. has the lowest
fracture toughness. This discussion leads to an important point in aluminum alloy dev'.lop-
ment: Any alloy of the 7075. 7178, or 7001 type. or even one more highly alloyed, can be
overaged to obtain adequate stress-corrosion resistance, and if highly alloyed will possess high
strength after the overaging treatment. The fracture toughness, however, will decrease with
increasing total alloy content, even if the alloys are all overaged to the same strength. In addi-
tion to the toughness decrease with increasing total alloy content, the quench sensitivity
increases.

The preceding discussion considers the parameter KC for a given thickness and in one
grain direction. The same general effects of composition and heat treatment apply to the
plane-strain fracture toughness parameter KIC

Another parameter that can assume tremendous importance in thick sections is grain
orientation. For example, extremely low toughness values have been observed across the
parting plane of a 7079-16 die forging (45). These data were obtained by using precracked
('harpy specimens and relating W. A values to the fracture toughness parameter GC as shown
in Fig. So. These data ale for the longitudinal grain direction and represent very-high-strength
to mnediumn-strenuth 7000-series aluminum alloys. All the phase 11 alloys fall within the scatter
band. and the same trends observed on longitudinal center-notched panels are exhibited by
tile longitudinal precracked Charpy specimens. The correlation between W!A and GC is
quite good for the lower toughness values, but becomes uncertain at the higher toughness
values (lower strengths).

All Phasc II alloys had higher WiA values than 7575. 7578. and 7178-T76, despite thei
lact that these alloys have lower strengths than any of the Phase 11 alloys. Charpy data indicate
a K(. of about 41 ksi 'in. for 7178-1765 1 at a yield strength of 71.5 ksi. The Phase II alloy
with the lowest toughness had a KC of 54.1 ksi J'n at a yield strcrngth of 77.3 ksi. The lower-
strength comparison alloys X7080-T7 and AZ74.61 were tougher than the other comparison
alloys and the Phase II alloy

An interesting possibility is that overaging may increase short-transverse fracture tough-
ncss. lIhc ,hoi t-transverse delaminations in the 7075-T65 I-I fractures were intergranular, in-
dica.ting that the material cannot sustain high stresses in the short-transverse direction without
cracking along grain boundaries. Since these intergranular fractures are brittle, little energy is
ab),sorbed and the toughness is low. The important point is that overaging markedly reduces
this tendencN for short-transverse delamination.
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6. MAINTAINING FATIGUE PROPERTIES

The most significant finding from the fatigue evalaation of the Phase 11 alloys was that
all the overaged alloys (16. 17. 18. 19, 20) outperformed the peak-strength 7075-T65 1-1 in
disýtilled water. The overaged alloys were more resistant to !lhe environmentally induced ac-
celeration of fatigue cracking, as evidenced by the preponderance of ductile striations on the
fracture surfaces. Fatigue-crack growth data obtained in distilled water are comparable to
data obtained in high-humidity air (46). High-hiumidity environments are common in service,
and the fatigue growth data obtained in distilled water are significant.

The slight detrimental effect of increased copper content on fatigue-crack growth prop-
ertic, in distilled water was unexpected. Previous work on T6-temper alloys showed high
copper content to be beneficial in reducing crack growth rates in distilled water and in de-

creasing the amount of brittle striations (25). Thus. generalizations concerning the effects of
various chemical composition changes cannot be extrapolated from one base chemistry to
another. Zinc magnesium ratio, strength level, and heat-treat condition also play important
roles.

The additional overaging proposed for the recommended alloy should help further to

slow the fatigue-crack growth rates in humid environments.

Fatigue-crack growth data are not available for the comparison alloys. Notched fatigue
data on axial fatigue specimens of the chromium-free X7080-T7 have been obtained (47). and
the results indicate lower than expected endurance limits (5 ksi at 107 cycles at K t values of
2.4 and R = -1 .0) . The significance of these data with respect to the recommended alloy is
not known, and further work is indicated.

7. TIlL RECOMMENDED ALLOY

The rcoimrended alloy chemistry is as follows:

Zn \l Cu Mn Cr Zr Ti Fe Si

5.9- 2.2- 0.7- 0.05- 0.05'; 0.10- 0.101.; 0.20%' 0.20';
o.9:f' 2.9 1. .5'%, 0.15; max 0.25% max max max

These composition ranges are typical fo' commercially available high-strength AI-Zn-Mg-Cu
alloýs, and the basic chemnisry is in a range in which alloys have been successfully produced.
Th us this alloy appears to I-.c commnercially feasihle.

Tzhe alloy's strength is governed primarily by the zinc. magnesium. and copper contents
and h\ the agi1n g Ireatment. \Withi ile given alloy content and a two-step aging treatment,
miimimuln inchJa,..cal properties equivalent to those of 7075-T6 should be produced.

\%itlh chromium and silcci removed, this alloy , ill he relatively quench insensitive. I}igh
mnech,inicatl properties will thus bc pioduccd in thick sections and at slow quenching rates.
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A high stress-corrosion resistance will be achieved by overaging. In addition, quenching
stresses will be reduced, leading to an improvement in in-service stress-corrosion performance.

I•, The fracture and fatigue properties will be better thMin those of 7075-T6. The zirconium

addition (and removal of chromium) will increase toughness. Short-transverse toughness will
be improved by overaging, as will fatigue-crack growth characteristics.
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SECTION V

CONCLUSIONS

I All Phase II alloys had longitudinal 0.2-percent yield strengths above 70 ksi, had stress-
corrosion resistance superior to that of 7079-T6 and 7075-T6, and met the contract's
stress-corrosion goals. Fatigue and fracture toughness properties were comparable to
those of current high-strength commercial alloys.

2. In the Phase il base alloy, the silver addition increased longitudinal yield strength only
2 percent and had no measurable effect on transverse strength. The silver increased
fracture toughness, reduced fatigue-crack growth rates in distilled water, increased quench
sensitivity, and had no measurable effect on the alloy's short-transverse stress-corrosion
resistance in the overaged condition.

3. Tile beneficial effects conferred upon the Phase II balc adloy by the addition of silver are
not great enough to warrant the use of silver in a production alloy of the Phase II base
composition.

4. Removing chromium and adding zirconium to the Phase II base alloy with silver increased
longitudinal and transverse yield strength by 6 percent. increased fracture toughness, and
increased fatigue-crack growth rates. The reduced rate of overaging in this alloy (alloy 18'.
shown by its slow rate of decrease in hardness, its slow rate of increase in electrical conduc-
tivitv. and its less overaged microstructure, resulted in greater susceptibility to stress-
corrosion cracking for the aging treatment used (T6 + 10 hr at 320*F). Doubling the
aging time at 320"F or increasing the aging temperature I OF will increase stress-corrosion
resistance without lowering the yield strength below contract goals. Slower quenching
may make longer or high-temperature overaging unnecessary. Alloy 18 was far less
quench sensitive than any other Phase 11 alloy. Without silver it will be Lven less quench
sensitive. If the removal of silver from this alloy has no more effect than the removal
of silver from the chromitum-hearing Phase II base alloy, the recommended alloy ( item 15
possesses by far the most attractive combination of properties that can be realized from
this study.

. Increasing the copper content of the Phase II base alloy with silver increased longitudinal
yield strength 7 percent. decreased fracture toughness, decreased fatigue crack growth
in dry air at low K levels, and increased fatigue crack growth in distilled water at low K
levels. The high copper content increased quench sensitivity and increased the density of
pitting attack in 3.5-percent sodium chloride.

0. 1 he increacd zinc + nlagnesitum content in the Phase il hase alloy with silver increased
longitudinal yield strength 4.5 percent and decreased fracture toughness to the lowkest
valtic observed. This value was within the ranc lo.- commercial high-strength aluminum
alloys. The increased zinc + magnesium cont. nit increised fatigue-crack gro\ th rates in
distilled water and dry air and had very little effect on stress corrosion performance.

"7. Stress-corrosion-crack growth rates for tile 7075-I 051 -2 and 7079-T64#; comparison
alloys \wcre ten to I00 time% gremer thdn for ant oe l- t overagcd Phase I1 alloys or
otiher comn parison a lloys.
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8. The chromium-free. silver-free comparison alloy X7080-T7 was the most quench

insensitive of all alloys tested. The stress-corrosion cracks in this alloy grew very slowly
and at the same rate as those in the Phase II alloys 16. 17. and 20.

9. The comparison alloys AZ74.61 and 7075-T73 had similar strengths and stress-corrosion
resistance. The strength advantage of AZ74.61 over 7075-T73, if it exists, is small, and
AZ74.61 cannot meet 7075-T6 minimum strength properties. (Two phenomena may
explain why only 10 hr overaging at 320"F was enough for AZ74.61. whereas 24 to 30 hr-
at 320'F was required for 7075-T73: (a) AZ74.61 has a low copper content and thus
tends to overage more rapidly. (b) An extensive subgrain structure and subgrain
boundary precipitate in most of the AZ74.61 forgings examined causes branching of the
main stress-corrosion crack, this leads to blunting of the crack tip. The same effect is
seen in the chromium-free X7080-T7 Slow quenching rates are partly responsible for this
be havior. ]

10. The 7178-T7651 had the highest strength of the ten comparison alloys, and the lowest
precracked Charpy toughness values of any alloy tested.

1I. The chromium-free alloys 18 (containing zirconium) and X7080-T7 (containing manganese)
had lower densities of small intermetallics than the chromium-bearing alloy-.. This,
accounted for the large ductile dimples on alloy 18 toughness specimens.

12. Overaging treatments decreased the short-transverse delamination or "splitting" during
fracture of longitudinal center-notched panels.

13. All overaged Phase il alloys had better fatigue-crack growth properties in distilled water
than did the peak-aged 7075-T651.

14. None of the Phase 11 alloys were susceptible to exfoliation corrosion.

Is. The results of this program indicate that an alloy with the following nominal composition
will best meet the goals of this contract: 6.40'; Zn. 2.55'; Mg, I .10') Cu, 0.15') Zr,
0.10Y; Mn. This alloy when aged to T6 + 20 hr at 320°F or T6 + 10 hr at 330°F will be
stronger than X7080-T7 and as quench irsensitive as X7080, and as strong as andtougher
than 7178-1765 1. It will be far superior to 71 78-T7651 in thick-section properties and far
superior to 7075-T1 and 7079-T6 in stress-corrosion resistance. The allowable chemistry
range for this alloy should be: 5 9-6.9'( Zn, 2.2-2.9',) Mg, 0.7-1.5'; Cu, 0.10-0.25') Zr,
0.05-0.15'z; Mn. 0.05', max Cr, 0.10', max Ti, 0.20'.' max Fe, 0.20'); max Si

1. Flhe case with which all the Phas' i1 alloys were cast and fabricated indicates that the
recommended alloy is commercially feasible.
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SECTION VI

RECOMMENDATIO.NS FOR FURTHER WORK

The recommended alloy is thus far only a "paper alloy": it has been neither produced
nor tested, but holds promise of meeting the goals of the program in production quantities.

To complete the development of this alloy, it is necessary to accomplish the following
tasks:

1. Produce pilot plant heats of the alloy in various ingot sizes and forms:

2. Complete the determination of the optimum heat treatment:

3. Perform verification mechanical, fracture, and stress-corrosion tests:

3. Establish design allowables data.

A recommended course of action is as follows:

I. Cast two or three large ingots of the proposed alloy (preferably different heats).

2. Fabricate the material into:

a. Extrusions (rod or bar)

b. Forgings (hand and dic with various-thickness sections up to 8 in.)

C. Plate (thick section)

3. Establish two-step heat treatment for optimum mechanical properties and stress-

corrosion resistance. Consider:

L. Quenching rates

b. Room-temperature delay time

c. Time and temperature of the sccond step in the step-aging trcatnient (The first
step of the step aging should he 24 hr at 250" F)

4. Verify michlanical anid ,,ircs,-corroion properties in this optim hcat-trc:atinenlti condition

5. Generate allowables and design data;

a. Meicha nical propertic• Ft, . Flt. . I t1onga.tiom is a I' litl0ion olf section thickness and
grain direction

h. Stress-corrosion rcsistance I hreshold. KIS(( . dfltl crack erowtIh rates

97

I



t

c. Fracture toughness-Determine KC, KIC or W/A as a function of grain
orientation and product form

d. Fatigue properties-S-N curves, notched and unnotched; evaluate load transfer
fatigue, crack growth rate, environmental effects

ii
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A PTELNDI I

PRITARATION 01- EXPERIMENTAL ALLOYS

'IIle 1h1eI experimentalI alIto% s wýere prepared from DC ingots 3.25 in. thick by 7 in.
wide by 2o In. long. After casting, eachi ingot was furnace stabilized at 550"F to nfinimize
tile possibility ot cracking. I'he ingo)ts wkere SOJked 16 hir at 8751F and air cooled. After
cropplnu and -scalping (0.2 in. per f~ace) ingot slices were etched. The chrom iumin-free silver
+ zirconiumi alloy (alloy 18) had colum11nar grains present at thle chill faces that were not
entircly removed by the normal scalping. 'Fie other four alloys were uniform in structure,
with a fine macro grain size,

The ingot sections were rehleated to 7500 F and cross-rolled to 13 in. wide. They were
then rolled straightaway to 1.250 in. (56 percent hot work), After reheating to 8250 F, hot
rolling con tinued to 0.440 in. thickness. At this thickness each alloy wNas etched in 10 per-
cent sodium hy~droxide to remove the hot mill oxide. deSMUtted in nitric acid, and rinsed in
hot s"ater. The etched plates disclosed that alloy 18 had long columnar surface grains,
x%%hereas the other f our alloys had extremely tine grains preqent ait their suirfaces.

The etched plates were then reheated tc- 822-i'l and hut rolled to 0.254 in. thick ness
ISO percent hot work at this temperature or a total of 9 1 percent hiot work), followed by an
air cool. Heat treatment began with solution treatment of tlie 0.254-in, plate at 8601F (a
35-mmn soak) followed by a quench in 600'F water. The plate material was stretcher
stIraiihtericd I -, nr altcr thle qJuench. The material was aged 2 day s at room temperature.
Aruifical aging at1 2 i00 F for 24 hir followed. using a 35 Fihr heat-up rate from 1001,F. At
the completion of' the 24-hr soak. the material was air cooled. The panels were edge trimmed,
t hen given I he second-stage artific:ial age of 3 20" IF for 10 hir. The hecat-up rate was 350" Fjir
I rom 250" F~. The final step was an air cool from 3 200 F.



APPENDIX Ii

ACTUAL MECHANICAL AND FRACTURE PROPERTIES OF PHASE I ALLOYS

Tahle 17. Actlua! ,llechahzical and IPrac rure Properti 's n PIa,wý !I/lll Ioys

G 1-i Ft F ElongationU RA) W/A ! KC
GAain tu I br .

Alloy direction (ksi) (ksi) n 2 in.) ') .in.-b i n.-)a 3 ksi

80.7 I 72.3 1 I1 22 295 81.9 94.4d

S81.2 73.3 11 2 70 d. .
16T 81.4 7I31 1

T 81. 73.0 H -- 2---

82,o 75.1 10 1, 271 8.2 104, 5d

L 81.5 73.4 II 11 28s 82.0 92,1dI T 81.o 73,1 I I 2-- .--

T 81.5 73.0 1O 27 --- -

. 84.4 178.(•1 i 23 220 82.1 86.5 d

. S4.5 79.2 10 '25 !Q4 70.7 -4.0d

T 83.4 77.4 11 '7

I T 83.5 77.4 11 26 --- ---

S8,7.3 79.1 10 1 21 i- . () 57.5____

L 87. 79.) 1 0 10( (c)

119
i T 8i.0 75.8 10 is ---... ..

84.8 76.4 i 5 O54 .4d

L0 N; • .s 7x. 2 10 1 , IS." 5, 0.8 59.7d

tI ' T 81.9 75.0I --- ----... .
]" 8.4.1 75.1 2

S L 84.8 7().) 13 2, ' 2 ,.• •• d

_47 7991 (1,., 04,N;
-107 5-To,51- I I4 9 013• 0

ST 8(1.2 70.2 12 2

Sa Promrcked ('harp) specimens. 0.250 in. thick.bK( = `'•'O 1ýjckns, = ( .25(m
t C No) load trice.

d L. : s m g c r ac k ] le i i l h ( ', i i t: m r c ,:l ed f o ! ' l O ' g r o t h .



APPENDIX III

S 'RESS-CORROSION TEST DATA

Thile I'll. Stress-('orrowion Test Data (3.5 Percent Sodium (hdoride, Alternate Immersion)
I

I I Crackor linearpi
Stress Day!, to first Length of specimen I gtowth rate

Aloyad eel:crack or Days to containing cracks I thousan~dth s in.'•specimen no. (ksi) linear pit failure or linear pits (in,)a hr I Comments

1-0 0 21 --- 0.15
1'.0 0 49 0.15 0.032

1\I - 0 49 0.25 0.028

19-0 0 21 0.80 0.047

20. 0 - ---- 0.10

-707,-T .- 1-0I- 1 5 0 1 4,05 0.37x Se imie d
707S-To5 I-2-0 0 1 .

16-1 14 t - -- =•0- -
](_-4 14 _ _58 _ 0.50 0.027 Sectioned

1o-7 14 2 0.05

17-1 14 - 0 - -14

I i4 14 0 ---

17-7 1 4 69 0.73 0.057 Sectwrned

18-1 14 --- 0---

18-4 14 5 - 0.10 --- Se-tioncd

18-? 14 -- -. 4. 0 --

19-1 14 1 42 l 0.40 0.038

19-4 14 83 - 0.39 ---

.14 25 - - 0.60 0.095 Sectioned
S 20- i 4 -- - • 0 "

20-4 14 -- 0 ---

20-" 14 70 I 0.15 0.057 Sectioned

7,)-,-T ( I-51-1 1 . 4 --- - - 0 .

70*5-1 51•-4 14 0

-5-] S I-I- I 58 - 0.30 0.037 Sectioned

7t;-5-1.5 I-2- 14 14 -- 0.35 0)'35 Sectioned

t I) 3') - p - 0.10 . 1,

j.1 0 0,15 -- Sectioned

! rI ifd l I ,I Ie a' Ie r 90 d .

-j -LlIIt-I 1 r - X - r" i t, y aI 't' .i tljda c ,r tliter 90 dja) it no 'jilure a-.urrcd
\i-.jmcd piujl:,.I I ,;r' - dc, " ' -orn - X I m, - :;cr i. ido, k graphs.



I
Table I'll. --- Continued

* Crack or linear pit
Ayn Stres i Days to first Length of specimen growth rate

eAlloy and .e crack or I Days to containig cracks (thousandths in)b
specimen no. (ksi) Linear pit failure or lincar pitsf(nia \ hr / Comments

16-20 20 89 0.03

& 16-22 20 - -' 0 -

1 (-24 020 ' 0-

17-2 20 1 0

17-17 0.75 --- 0.019 Sectioned

9 17-20 i 20 37 0.10 -

17-22 20 - 0

17-21 20 0-

I S-24' 0

1841 120 2 • 0.0 ---

1 1 20 - 0.2- -Sectioned

l- -20 -- - 0 0.049

10,-24 20 - -- 0.- 0 -

19-2 20 69 ---- 1 0.114

1924 ý- S-, 20 .. .... 04. 0.049

-0.1 I NU40 t(HI20 sectioned

020 20 510 0 16 0.

l2o- " 0 110 OS.7: .1
0-2 20' SO 0..*

20-24 20 0

07 -2 20 3- 1.10 .maed in
I I anodizinr

7 520FI-I- 17 20 U.4 I U1/ beloe
I - 20~5i -1-0 20 70 ----- O.10 0.)38

o,.
e1 20-22 0. 80- 0 --0.045

.0-_4

7-I 4,1-1-22 0 3-o - 0.10 --- Dctoned,

*irnodizing

: -5-I.2 70 5 -. 0., -0.027 Sectioned

-Indicates go failure atl.er '0)da> s.

ZaMeasured trm f ..o.n photograph, at IAiluic after 'Od .J l ii tI,,iorc tIccurrcd

1Me.ajrcd parillci to groove dircction from . 1litoŽ wquencc phI:tOgt.,pl!,.

1''=.,
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Table VII.--Continued

Crack or linear pit
Days to first i Length of specimen growth rate

Alloy and level crack or Days to containing cracks thousandths in.Cb

Npeciiuen no. (ksi)I linear pit failure or linear pits (in.)a hr Comments

7075-T65 1-2-5 20 0 -""

7075-'65 -I-I10 20 6 I 0.5 - -- Sectioned

AZ74.61 A-5 C0 9 ; 0.15
7075-T73 B- 20 19 •0.20 0.046 Not stressed

0in short-

transverse

direction

X7080-T7 D-6 _.20 44 4.10 --- Sectioned;
damaged in
anodizing

7079-T61I -A C-4 20 0
70 -79-T611-6 F-7 2 -- •

7079-Tb-G E-7 20 0--- j 0

1(-S5 6 - -o 0

I 62K 69 1. 0.114 Specimen
lost

16-Il 20 --- 0

16-1s 26 --- I 0 -

io16 26 --- 0 -- -

I1t-,23 26 76 I 0.15 --- Sectioned

17-5 26 0---- 0

17.8 2 30 - 0.04

17-11 6 --- i 0

17-15 26 76 - 0.06 ---

17-1 e) o 76 I 0.14 -- Sectioned

17-23 2.6 - 0

IK-5 26o S 0.27 0.045

18-8 26 .2 1. 10 0.074 Sectioned

1,.II 2i --- 7 0 --- 2

-.-- lnJicatcs no failure after 00 days.
a eaNsured froin 5.5X photographs at failure or after 90 days it no f.ilure occurred
bMca,,ired pjr.'Ilcl to grmoe direction from 5.5X time sequence photographs.

- ---.- - --- ~~ -- --- -- ~ -



_ -Table VII.--Continued

Crack or linear pit

Stress Days to first Length of specimen growth rate b
Alloy and level crack or Days to 1 containing cracks thousandths in.'u

specimen no. (ksi) linear pit failure or linear pits (in.)a I hi ! Comments

18-15 26 05 065 0.020

18-16 26; --- 0 ---

S18-23 26 ..----- 4ý O-
19-5 26 -8 - 5.085 Sectioned

19-8 2.o 5 1, 0.30

29-1 26 59 2 SO 5 0.090

19-1) 26 70 I-1.32 0.151
19-16 126 42 0.70 0. 133

19-2-3 ]26 o9 0.05--

2 0-5 2 9 ---- 0.05 -- -

20-8 2o 70 O 1) 0.057
I

S20-Il. 1, 0.O00 Sectioned;

S20-15 26 42 C0O

20-12 26 83 0.28 0.016

20-23 62, 9 'O.2' 0.016

i 0 -T•5 I-1-5 26 ... - ------

"7075-T651-1-8 26 70 O.0o -

'070 5-T651-1I. I 1 2 .- 0

7075-TO5 1--I15 16 0--- 0-

0'5-4-6 I -1-1 '6 --I- 1 2 0
7015-T65 1-I-23 26 0.2 1--- I O I5 0.010 Sectioned

I 5.1-,51.2-7 2(. 10 47 410 0.84

-075-1n5 1-2-lI 6 4 25 4.10 --- Sectioned

AZ-4.ol 1-1 N6 -,- 1.42 0.045

AZT74.6 - 22-23n 2 10 0.07" Sectioned

AZ-4.•l A-6 26 80 0OO - - -

AZ-4.ol A-7 It, 70 - 0.00 0.1 13 Sectioned

Indcales no jltilnte al ter 90 da s.
W M iasured from 5.5X phtltoiriphs at lailure or j etcr 90 djNa il It,, Iailjur occurred.

&J.Mcwuecd parallel It, glonc die•.lion Irom 5.5X hlme sequencc pligliaphs.

t 1II

K ___.
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Table VII.--Continued

ir Crack or linear pit
Stress Days to first: Length of specimen , growth rate bAlloy and level crack or Days to containing clacks Ithousandths in.

specimen no. (ksi) linear pit I failure or linear pits (in.)a ' hr i Comments

7075-T73 B3-7 as -56 0.78 0.040 Sectioned

o0s-m7 B-8 26 56 ---4 0.30 0.045 Not stressed
in short-
transverse
direction

X-7080-7 D-7 1 26 5 _ 1.30 0.151

_TOO-T__I_-8_12 9 4 0.64 0.031 Sectioned

7079-T61 I-A-C-5 26 2 0.06--

7079-T(,I II-A-C. 26 2 I0.75 -- Se,tined

7079-T61 I-G-F-8 26 -- 0 .. -

7079-T611 -G-F9 26 58 0.10 --- Not stressed
in short-
transverse
direction

7079-T6-'E-8 I 26 2 4 4.10 15.9

7079-16-G-E-9 26 70 89 4.10 10.3 Sectioned

-775.1 26 70 0.30 -l--

7575-8 26 28 3.07 0.088 Sectioned,578-1 I 26 42 1.60 0.024

7578-8 26 42 2.25 0.025 Sectioned
7178-T1 71-651 -1 26 25 1.43 0.086 Sectioned

7178-T765 1-8GF 26 70 I 1.02 0.067

16d3 32 13 44 4.10 iSectioned,

i damaged in
anodizing16-9 .2 32 4--.10 ---

16-14 32 9 0.20 -- -
1679 -196 ' 3 92 7 0.30 0.020 Sectioned
16-21 32 28 0.07 8 Si
17-3 6 32 --- 1.0 -. -

17-9 8326 42 0.05 -Si

-S8

17-14 32 --- 10 .S o
1-19 32 --- - 0 ...

Ilndicates no failure after 90days.

a Measured from 5.SX photographs at failure or after 90 days if no failure occurred.b 1-easured parallel to groove direction from 5.5X time sequence photographs.



Table I'H.--Contin ted

i Crack or linear pit
Al Stress Days to first Length of specimen i growth rate

Alloy and le,,el crack or Days to containing cracks thousandths in.b/
specimen no. (ksi) linear pit failure or linear pits 11 (oin.),ee rc r Dy tor li pear imt n ( in growth hr I mmnt

17-21 32 70 0.65 0.075 Sectioned

18-3 32 5 89 4.10 0.317 Sectioned

18-9 32 - - 0

18-14 32 1 ---I - 0

18-19 32 89 . 0.53 O. 111

18-21 32 9 0.50 0.133

1 9-3 32 5t1 4 2 0.113 Sectioned

19-9 32 30 1 .7 0.216

19-14 32 56 2 1.59 0.162

19-19 32 9 0.74 0.103

N7-219 1 -2 70 ---- 0.10. 0..

20-3 32 9 44 4.10 -0 SeDacmagtd
anodizing

2)0.9 32 9 0.54 0.042

20-T14 32 9 410 - -0-S

20-11) 32 Q0. 0.046

20-21 32 58 - 1-53 0.0,1 Sectioned

17075-T64 I-I-3 32 69 I 0.15 0.104

I 075--511 -9 32 70 - 0.10 0.022

7075-,-T 5•1.- 32 9- I 0. 0--
S7075-1T65 I- I -I9 32 9 ----0 0.4-2 0.030 Sectioned

7075-T651-1-21 32 - 0.32 0.026
• 7075-T,5 1-2-1 32 3 10 4,10- -

a 7075-T6S r-o-9 32 4 1o p 4.1ai0 -r-- Sectioned
bA/L_4.c1 I-2 t2 5Xtm 1.c 7 0.063

AZ74.olI 3-1 3230 2_._25" " 0.041

7575-4, 32 So 4. ;'. 7
757-( 4.10 0.54-5

757S-4 9" 3. 5, 0.00q5

L75 7 S -32 14 2 27 0.0s]

a Measured fromn 5.5X photographs at failure or a•fter 9O days il'no failure o•ccuried.
b.Meas~ured parallel to gro•ove dirc, ti i I" - n 5.5X time sequece¢, photographs.'



Table VII. -- Continued

I I Crack or linear pit

Stress Days to first Length of specimen growth rate b
Alloy and level crack or Days to containing cracks (thousandths in. b

specimen no. (ksi) linear pit failure or linear pits (in.)a hr / Comments

7178-T765 -4 32 56 I 2.00 0.113

IiI
7178-T7651.6 32 28 1 3.60 0.080

16-6 44 2 - 2.00 0.153 Sectioned

16-10 44 --- 0 ...

16-13 44 56 0.10 0.010

17-6 44 ,9 - 1.18 0.076

1 17-10 44 51 1.29 0.095

17-13 44 60 - 1.63 0.113 Sectioned

18-6 44 9 61 4.10 0.321 Sectioned

18-10 44 69 89 4.10 0,228

18.13 4 -4 5o 83 4.10 0.945
19-6( 44 9 3.80 0.122

19-10 44 2 83 4.10 0.229 Sectioned

19-13 44 37 - 4.05 0.090
20-6 44 51 - 1.65 0.056

20-10 1 44 51 1.39 0.076

20.13 1 44 5 1.25 0.087 Sectioned

7075-T651-1-6 44 5 89 4.10 0.189

7075-T651-1-10 44 1.50 0.119

7075-T651-1-13 44 89 4.10 0.379 Sectioned

7075-T651-2-8 44 3 10 4.10 -.. Sectioned
7075-T651-2-12 44 14 27 4.10

AZ74.61 2-1 44 9 - 2.54 0.055

AZ74.61 4-1 44 37 - 2.00 0.078

AZ74.61 A-9 44 -0 ---

7075-T73 B-9 44 1 - 2.70 0.133

7075.T73 B-10 44 37 1.44 0.065

X7080-T7 D-9 44 9 0.56 0.038
X7080-T7 D-I 1 44 9 1 i.03 0.047

Indicates no failure after 90 days.
Measured from 5.5X photographs at failure or after 90 days if no failure occurred.

bNleasured parallel to groove direý.vron from 5.5X time sequence photographs.

1 1<)/



Tahle VII. - --Continued

t' I. I
I Crack or linear pit

Stress Days to first Length of specimen growth rate
Alloy and level crack or i Days to containing cracks (thousandths in.

specimen no. , (ksi) linear pit failure or linear pits (in.)a \ hr / Comments
.09-To11-A-C-8 44 80 - 0.05 --- Equiaxed

09-161 grains

I0?-1 1-A-C- 10 44 - -0 -- -
,•: j'0"9-TfI I -G-F- 10 ,1 6 •12 .7 tesdSectioned;prle

Ito now linesSi 70'9-T611-G-F-I I 44 70 0.35 0.057 Stressed parallel•

$- ] to flow lines

6-2- 0 44 1 4.10 15.070'79-T6-G-E-I 1 44 I 2 4.10 15.0

44 5 I 3.70 0.022
7-7 44 5 42 4.10 0.419

I 44 42 3.6 0087

:•578-7 44 14 83 4.0 0.063

7 7178-T765 1-5 44 2 2.95 0.060
.7178-T765!-7 44 23 103 0.050

S15- 12 I 56 56 1.47 0.057

16-18 56 56 0.10 --- :Sectioned

17-12 56 58 ---- 1 33 0.113 -Sectioned
1718 5, 1 0.076

j 10-12 56 42 61 4.10 0.346 ISectioned
9-18 i 56 51 62 i 4.10 1.10

19-12 156)1 2 58 1 4.10

S19-18 56 2 8 4. 10 1.24 SectionedI 0 V I ._4
20-12 56 2 83 4.10 0.185 Sectioned

20-I1 56 51 4,05 0.302 '

7075-T 6 51-1-12 56 2 29 4.10 0.486 Sectioned

i'7075-1,65-1-l-18 '56 so R.1 o.567

7075-T65 1-2-3 56 3 4,10 5.17 Sectioned

-707S.T651-2-4 56 3 6 4.10 ]* .17

.o Indicates no failure after 90 days.
J Masured from 5.5X photographs at failure or after 90 days if no failure occurred.
b Measured parallel to groove direction from 5.5X time sequence pholographr.
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Table VU!.--- (Thncluded

'Crack or linear pit
IStress Days to first Length of specimen growth rateAlloy and level crack or bDays toi sp'cien o. ~ksi / iner pt l containing cracks (thousandths in.)specimenc no. (ksi linear pit failure or linear pits (in.)a \ hr / Comments

AZ'4.o 1.4-2 i6 37 3.80 0.114

AZ'4.ol-5-1 5(, 3 •3.75 0,10 Sectioned
AZ4.,H A-IO 56 23 0.91 0.063

"0"-I I 5(, 3.75 0.089 Sectioned
X-080TI D--2 56 2 1.70 0.070 Sectioned
"07.-T6 I I-A--C- 1 56 1 J5 4.10 6.2 Sectioned

"0"9-T6l I-G.F-12 56 2 0.50 -- Sectioned;
stressed parallel
to flow lines

70t9-T6.G-E-I 2 56 1 hr 1 4.10 38.8 Sectioned
7575'2 56 5 28 3.90 0.227
•7575-3 56 5 44 4.10 0.270 Sectioned
7578-2 56 2 83 4.10 0.089 Sectioned
75578-3 56 2 - 3.80 0.027
7178-T765 1-2 56 42 - 3.65 0.189 Sectioned

7178.T765 I3 56 44 205 0.108 I

--- Indicates no failui ifter 90 days.
aNMeasured from 5.SX photographs at failure or after 90 days if no failure occurred.
bN.casured paralle; to groove direction fioum 5.5X time sequence photographs.
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II

lahle 1II7. Stress-*Cjrrnsiopi Test Data (In(lustrial t:niironmellt)

Stes s to first length of specimen
Alloy and I lvel crack or Days to containing cracks

specimen no. (ksi) lineal pit failure or linear pits (in.)a Commcnts

II-

16-25 2
16-28 / 20--- ---

17-25 20

17-28 20 I

18-25 20- -

18-2 20 -

.9-295 26

f. ~ ~ N2 193 ___ _0 ii___

20-_8 20 - -I

7 0 7 5 -T65 I-1-25 20 - - - -

7075-T651 -1-2 10
10-29 2o - .

16-31 20 - -

16-33 20- - -

17-29 20- ,-o

17-31-
17-3 3 2,.. •-

18-29 26 -- - ----- - =- ===- - --

18-31 IA
18-33 2 - -

19 - 9 (, -- - .... .. . ...

19 2 (.. -19-3 1 24,. .•

• ~~19-33 20 - -

20-2_ ) ..0 .

20-31 16 --- •--

210- 33 1 26•---

70 7 5-1-65 1- 1 - 2 2) 6 ====

SIndwicaes no, f~ihurc A.ter 1600da~s. Specimens ,till I'N't.! a MN easuied Ir )mi 5.5X pih,,to g aph, .



Table Vill. -- Continued

Stress Days to first Length of specimen
Alloy and level crack or Days to containing cracksspecimen no. (ksi) linear pit failure or linear pits (in.)a Comments

7075-T65 1-1-33 26 -- - - -

AZ74.61-3-2 26 78 -" Anodized and stripped

AZ74.61-5-2 26 -.. - . Anodized and stripped

AZ74.61-5-3 26 .. •- -. Anodized and stripped

AZ74.61-5-4 26 .- ... Anodized and stripped

AZ74.61-5-5 26 --- - - -

AZ74.61-5-6 26 ... - --

7575-9 26 - - - - - - -

7575-10 26 --- - -

7578-9 26 -.- - - - -

7578-10 26 -.-- .. -

7178-T7651-9 26 -. -

7178-T7651-10 26 --

16-26 32 --- - - -

16-30 32 - -- - - - -

17-26 32 -.. .-.

17-30 32 -- - - -

18-26 32 ---

18-30 32 - -- - --

19-26 32- -- - - -

19-30 32 - - -' - - -

20-26 32 - -- ------

20-30 32 - -- - --

7075-T651-1-26 32 -- - - --

7075-T65 1-1-30 32 ---

16-27 44 -. --.. .

16-32 44 - - -

17-27 44 - .".

17-32 44 -- -1 - - -

SIndicates no failure after 160 days. Specimens still in test.
a Measured from 5.5X photographs.

114



I ~ Table VIII.--CowhidedI

I[
Stress 1)avs to first Length of specimen

Alloy and level crazk or tas h) Lentainiog cracks
specimlen no. (ksi) linear pit failure o oa t hi:ir pits (ill.) )a Comn,, ts

18.27 44 I~18-32 44..---

19-.27 4- - I

18-32 44
-0-27 44 ---- 4-- ---

' -

20-32 44 ......

7075-T65 1-I-27 44 - --

7075-T65 1-1-32 44 -

16-0 0 - .-- -- -- I
| JT7-0 0 -

1 -0 I 0 . ..

• 1 20-0 i - - ---

I7075-T65 1 -0 0

a: Indicates no failure after I o 0 da) s. Specinien% ,,till in test.
Sa ~Measured trom 5.5X photograph,. -_

1*1
I II I I



APPEND)IX 1V

LN 1)-Ol--TLSI'PHI-I'(; jRAPIIS

16-1 19.1

16- 18-7

7I

17-4 1.

71 I

17.41* 19-4

17.1 
-7 19-7 .-as--i

(4~ -. .X) 14 -S (4.1 X)-

90 DAYS



I ° 
--: 

-"

20-1 7075-T651-1-4 w

20-4 7075-T651-1-7 j

-- J20-7 • r~~c•-•.•'_•;•:.'o.7075-T651.2-2 nz• .. :•,,-., .•,..:.•.;-, -.

7075-T651-1-1 7075-T&5 1 -2-6

(4 ,1X) 14 KSI (4. IX)

90 DAYS

i 
I I -



E7E

77 e

7T-7-- - - -.r .

-. -'--77

00-24 4 740I--

%'

(4.1 X) 2KIt.X

20KI A

-- ~ ~ 9 DAYS --



18420 19-2 .--- --S.. . . .. . . . .. . . . , . .. _ -..

S.. . . . . .. . . . . . . . . . . . .. .. . ." . .

18-22 20-24

18-24 20-22

o . -,- !

* .. q - .

19-24 20.24

• - • -0-2

t t -

.--:-. .. - .• w . -. "*~4~

b,.'- ' - . .

19-20 - • • 20-17

- ~ - ..

. .. . -4" ' - -

19.22 , , • 20-2 * ,...

5. ,.* ; .'* - .-..-4 , -- . . _

19-17 - j 7075-T651-1-17

(4.1X) 20 KSI (4 1Xi

90 DAYS

ii



7075-T651-1 --'t- AZ74- 1-A.5

7075-T651-1-24 7O-BT7-r"" - lT

70O75-T651-1-22 -T P~ 4 DAYS

- .. -•.- ,__

"" "-�_ _-FAILED , DAYS

7075-T651-1-24 7079.TB11A-C-4

7075-T651-1.2-5 7079-T61 .....
SI

7075-T651-2-5 7079 T611-G.F.7

U .- --+-,

7075-T651-2-10 7079-T6-6-E-7 IJ•+ ': .... + • ......

(4.1X) 20 KSI (4.1X)
90 DAYS

]12"





- i

18-15 20-5

I ~ I

"19-23 20-23 "

19-11 .. 20-8 I

----.

19-16 20-16

S| . .- .. •-,,--P o ,. -• ,., .. -I - :- -- -

19-15 -.. _.., 7075-T651-1-15 . .

- - . -.- ' .-•',,..r - I--,. ., •"

19-8 7075-T651-1-5 ".

2D-15 7075 T651-1-8'...j -. :- , -.,

A4,1X) 26 KSI (4.1 X)

90 DAYS

]:22



7075.T651-1-11 X7O80-T7-D-7 r

'*9

7075-T651-1-16 7079-T61 1 -A C-5

7075.T651 .2-7
FAILED 47 DAYS 7079-T611 -GF 8

7079-T6-G-E-8 .FAILED, 4oAYs, li

AZ74.61-A.6 7-7 1

7075-T73-.8 .75781

I ,•-, -.. ... • •

7178-T7651-8•

(4.1 X) 26 KSi WA1YX
90 DAYS



I ;

1719

16-9 17-9 -

FAILED 44 DAY 18-14

--. ... . . .. . . .

17-14 18-21

17,3 18-19

(4 1 X) 32 KSI (4.1 X)

90 DAYS

124
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.t DAYS

- A. 7075-T651-1-3 -

t

7075-T651-1-21

7075-7651-2-1
20614. FAILED 10 DAYS

14.1X) 32KS !4.1X) ,



-?- :5, - : - . : -. . .. - :V : : :• -

AZ74.61-1-2

*- . '. _* " , . ,*

7575-4 " " .

FAILED 90 DAYS

7575-6

FAI LED 37 DAYS ,,-•

7578-6 •

7578-4

* . . *.. ), .. .* '

7178 T7651-4

7178-T7651.6

32 KSI (4.1 X)

90 DAYS

4 ~ -* ~ *126



16-10 19-13"

16 -13. .. . -6 _ 2,.

I 17-10&..~ 20-10

17- 6 7- 7075-T651-1-10

F • ; L D 9 0 D A " :; . .. F A I L E D 9 0 D A Y S

18-3 7075-T651-2-12

FiE 0D\'; *FAILED 28 DAYS •"-

FAILED 83 DAYS FAILED 28 DAYS

19.6 . '4

44.1X) 44 KSI (4 1X)
90DAYS



AZ74.61-4-1 7079-T6 i I A-CS

AZ74.61-A- -09 61--C

7015-T7-8-10 7079-T611AC-F11

g--AA

7075473-8-90 ~7079.T611-G-F-10

7o75-r7*B~9 - 7079-T6-1G-F 10I

X7080-T7-D9 FALD2DY

7079 T6-G-E-1 I
X00T--IIFAILED 2DAYS ~ --

(4.1X) 44KSI (4. 1X)
90 DAYS

12,



7575-5

757-7 -
FAILED 42 DAYS

- , . --

25.78-5 a

7578-7,. -- .
FAILED 83 DAYS

7178-T7651-7

7178-T7651-5

44 KSI (4.1X)
90 DAYS

12,)



I

19,-18
16-18 "-,,- FAILED 29DAYS

___________•__...._--_,___.___ I._
S.- I.. ..

16-12 . . . LED 2 0 D8

-71

- .- 18 20-12 12

17-12 - FAILED 29 DAYS j

18-12 7075-T651-1-14FAILED 82 DAYS FAILED 29 DAYS

- -- " r. -o - .- ~ ~ - - -~

90 DAYS

1ALD 1DASFILE I AY



AZ74.61-5-1 a 7079.76 G.G-E.12S.. .. .. • ,, FAILED 0.8 DAYS

7575.2AZ74.61-4-2 1 FAILED 28 DAYS

• AZ7.61 A-107575-3
AZ74.61-A 10 FAILED 44 DAYS

• 75782 .
7075-T73.8-11 - FAILED 83 DAYS

X7080.T7.D-12 7578-3

7079-T 611-A-C-12.-. , "" "" "7.. .. .
FAILED 5 DAYS -

7079-T611-G-F- 12 7178T7651-2 . .. -

131
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